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ABSTRACT
Stormwater road runoff is a widespread non-point source of contaminants such as nutrients, which
endangers water bodies, especially in vulnerable karst areas such as Florida. While roadside
vegetated filter strips (VFSs) and stormwater basins are generally accepted best management
practices (BMPs) for stormwater management, uncertainties about VFS nutrient removal are
reported and stormwater basins are concerned of facilitating contaminant transport. In this
dissertation, the application and efficacy of engineered infiltration media was tested as a subgrade
for the enhanced nutrient removal from roadway runoff. Results of field-scale laboratory testing
indicated that a VFS with engineered biosorption activated media (BAM) outperformed a Control
with sandy soil concerning nitrate removal (mean 94±6% reduction vs. 23±64% increase) and total
nitrogen removal (mean 80±5% vs. 38±23% reduction) within a 6 m filter width. However, BAM
and soil performed similarly with respected to total phosphorus removal within the first 1.5 m filter
width (84±9% vs. 82±12% reduction). Next, field sampling was conducted to characterize nutrient
load and delivery in stormwater road runoff in different events, providing insights to improve
design of BMPs. Three types of runoff events were characterized, where nutrients are transported
differently under the controls of nutrient supply and transport conditions. Antecedent dry period
was strongly related to nutrient supply and runoff volume was correlated to nutrient transport
capacity. Finally, the configuration of the subsurface in stormwater basins and runoff movement
to and within karst aquifer near Silver Springs in central Florida were investigated using
geophysical surveys (ground penetrating radar and frequency domain electromagnetics) and tracer
tests. Numerous subsurface anomalies and surface sinkholes were detected in the basins. High
groundwater velocities in the surficial aquifer (10-6 to 10-3 ms-1) and Upper Floridan Aquifer
iii

(maximum on the order of 10-1 ms-1) indicated that the basins act as hotspots of groundwater
contamination in the area.
Keyword: Vegetated filter strips, road runoff, nutrients, karst aquifers, Silver Springs, Florida
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CHAPTER 1
1.1

INTRODUCTION
Problem statement

Urbanization and expansion of impervious surfaces associated with infrastructure affect
hydrological properties of watersheds by increasing pollution and runoff volume as well as
decreasing infiltration rate (Booth and Jackson, 1997; Chabaeva et al., 2009; Ebrahimian et al.,
2016). Stormwater runoff from roadways has been recognized as one of the major non-point
sources of contaminants such as nutrients, heavy metals, sediments, and toxic substances (Carsel
et al., 1985; Arias-Estévez et al., 2008; McKenzie et al., 2009; Chai et al., 2012; Kayhanian et al.,
2012; LeFevre et al., 2014). Degrading water quality in Florida’s lakes, rivers, and springs, such
as Silver Springs in Central Florida, have directed attention to identifying and remediating sources
of excess nutrient pollution (Heffernan et al., 2010; Hicks and Holland, 2012; Liao et al., 2019;
Wen et al., 2020). Excess nutrients from roadway runoff endangers surface and groundwater
bodies and can lead to algal blooms, ecosystem degradation, loss of biodiversity, and
eutrophication in receiving water bodies (Bouchard et al., 1992; Pitt et al., 1999; Mallin et al.,
2009; Suthar et al., 2009; Eller and Katz, 2017). Groundwater resources in Florida are karstic
aquifers, which are highly susceptible to dissolution, subsurface features, and sinkholes that make
aquifers highly vulnerable to contamination by surface water (Harper and Baker, 2007; Moore and
Beck, 2018). Given vulnerable karst aquifers in Florida, particular attention is required with
respect to stormwater management and treatment to protect groundwater aquifers. This dissertation
addresses such concerns to enhance nutrient removal from roadway runoff within green
infrastructure designs and inform nutrient delivery from roadway runoff and movement from
stormwater basins to groundwater and within karst aquifers.
1

1.2

Literature review

A set of regulations were evolved in the United States to preserve water resources from
pollution and restore water quality, known as the Clean Water Act of 1972 (Boger et al., 2018).
Based on these regulations, stormwater management with the aim of water quality improvement
has been considered extensively, especially from non-point sources of pollutants such as roadways
and urbanized area (Harper and Baker, 2007; Boger et al., 2018). Green infrastructure including
vegetated filter strips (VFSs) and vegetated swales were brought to attention as best management
practices (BMPs) for roadside shoulders (Gavrić et al., 2019). The green infrastructure strategies
have been attractive to the department of transportations (DOTs) for water quality improvements
because of the ease and economics of incorporation to road shoulders (Yu et al., 2001). Stormwater
management basins are another BMP strategies designed usually in urbanized areas to collect
stormwater runoff and inhibit flood occurrence, provide infiltration, and assist with groundwater
recharge (Harper and Baker, 2007). Per collecting stormwater runoff, significant amount of runoff
volumes are usually delivered to stormwater management basins. In order to preserve water
resources from pollution and restore water quality, we need to deepen our understanding about
stormwater management through such BMP systems.

1.2.1

Roadway runoff nutrient delivery

Roadway runoff is characterized as a widespread non-point source of contaminates such as
nutrients, heavy metals, sediments, and toxic substances (Hu et al., 2020; Jeong et al., 2020).
Contaminants can be accumulated over road surfaces then washed off and transported during
rainfall-runoff events to finally reach water bodies (e.g. Wang et al., 2010; Winston and Hunt,
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2016; Zhao et al., 2018). While different sources of excess nutrients are documented including
agriculture, septic tanks, fertilizers, livestock waste, and wastewater discharges (Badruzzaman et
al., 2012; Eller and Katz, 2017), urban stormwater runoff is characterized as a potential source of
excess nutrients degrading water quality in Florida and the US (Abdul-Aziz and Al-Amin, 2016;
Trenouth and Gharabaghi, 2016). Excess nutrients in roadway runoff derive from varied sources
including atmospheric deposition, sediment and particulate colloids, and incoming pollutants from
nearby surfaces like fertilizers and animal wastes in agricultural and residential areas (Miguntanna,
2009; Eller and Katz, 2017). For example, anthropogenic sources of burning fossil fuels can
increase nitrogen deposited through atmospheric deposition (Paerl, 1997; Lapointe et al., 2004).
Nutrients can be accumulated over road surfaces during dry conditions and then delivered in
rainfall-runoff events in dissolved and particulate forms (Wang et al., 2010; Winston et al., 2016;
Hong et al. 2016; Zhao et al., 2018). The first several days after a rain event are characterized as
the greatest rate of pollutant accumulation (Borris et al., 2014; Trenouth and Gharabaghi, 2016).
Nitrate, nitrite, and ammonia are inorganic nitrogen species, which are highly soluble in urban
runoff and aquatic systems (Feth, 1966; Galloway et al., 2003; Oms et al., 2000) and dominantly
transport in dissolved form in roadway runoff (Taylor et al., 2005). Organic nitrogen and
phosphorus tend to transport more in particulate forms, even though they may also transport in
dissolved form (Taylor et al., 2005). While the proportion and dominant nitrogen species forming
total nitrogen may be different site to site, stormwater treatment systems are suggested to be
designed to improve dissolved nitrogen removal, as they can transport to receiving water bodies
with ease and promoting their removal is critical (Taylor et al., 2005).

3

Nutrient delivery from roadways can vary within and between runoff events and characterizing
these dynamics can provide important insights into better design of BMPs (Stahre and Urbonas,
1990; Wanielista and Yousef, 1993; Bertrand-Krajewski et al., 1998). For example, when the
majority of the pollutant load is transported during the initial runoff phases and contaminant
concentrations decrease through the tail of the event, this dynamic is recognized as a first flush
delivery (Lee et al., 2002; Miguntanna, 2009). Based on the first flush concept, BMPs may be
deigned to capture and treat the initial runoff volume (20 to 50%) which is assumed to deliver the
majority of pollutant mass (Stahre and Urbonas, 1990; Wanielista and Yousef, 1993; BertrandKrajewski et al., 1998). However, first flush behavior is not observed in all runoff events and
increase in total nitrogen mass has been reported at the end of runoff events, a so-called end-flush
delivery (Bach et al., 2010). Analysis of nutrient delivery dynamics is traditionally conducted by
examining the variation in cumulative pollutant mass delivery (normalized by event total) against
normalized cumulative runoff volume, known as the M(V) curve (Bertrand-Krajewski et al., 1998;
Lee et al., 2002; Jiang et al., 2010). The M(V) curve allows for comparison of contaminant
transport dynamics between events (Figure 1). First flush behavior occurs when cumulative
pollutant mass exceeds cumulative runoff volume and conversely end flush behavior is defined
when pollutant mass lags behind cumulative runoff volume (Bertrand-Krajewski et al., 1998). The
strength of first flush is acknowledged by deviation of the curve with respect to the bisector (1:1)
line (Bertrand-Krajewski et al., 1998; Lee et al., 2002). In Figure 1 for example, event 1 represents
a first flush event as a larger share of the total pollutant mass is delivered early in the runoff event,
while event 2 represents an end flush event delivering the majority of the pollutant mass over the
tail of the runoff event.
4

Figure 1. Variation of cumulative pollutant mass against cumulative runoff volume in two
different roadway runoff events: (1) a first-flush curve, and (2) an end-flush curve. The bisector
line represents 1:1 variation of pollutant mass and runoff volume. Greater pollutant mass
delivery earlier in event (1) can be observed by comparing relative mass delivery at the 30% or
50% of runoff volumes. Figure is adapted from (Lee et al., 2002).
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While the M(V) curve approach is generally accepted as a method for analyzing pollutant
delivery dynamics of runoff events, some issues are reported about the approach. For example, the
method neglects to account for variation in absolute characteristics of runoff events (cumulative
depth, precipitation intensity and intensity profile), where large and small events are normalized
relative to the total volume and compared. Similarly, variation of accumulated pollutant available
for transport is not considered among different events (Bach et al., 2010). Bach et al., (2010) have
proposed a sliced-based approach instead, and their approach has been endorsed by others (e.g.
Christian et al., 2020). However, the method requires collecting continuous water quality data over
runoff events (sampling at 60 seconds) which may not be always possible. Introducing a
complementary approach based on understanding the physics of nutrient mobilization from
roadways may improve understanding of excess nutrient delivery in road runoff and lead to better
design of BMPs and mitigation or avoidance strategies.
Pollutant transport dynamics are affected by many factors such as drainage size and impervious
area, rainfall intensity, antecedent dry period, and dominant tendency of pollutant species to
transport in dissolved vs. particulate forms (Wanielista and Yousef, 1993; Lee et al., 2002;
Kayhanian et al., 2012). For example, pollutant transport from smaller and more compact
catchment areas (less than 10 to 20 ha) are likely to be characterized by more frequent first flush
events as compared to larger watershed areas (Lee et al., 2002; Harper and Baker, 2007; Kayhanian
et al., 2012). The relationship between rainfall characteristics and pollutant wash-off from
roadways is investigated by Liu et al., [2013] where rainfall intensity, duration, and antecedent dry
days were considered. Highly intense events are generally characterized as having higher kinetic
energy, and thus greater potential for particle detachment and wash off, greater competence for
6

sediment entrainment, and likely more contaminant transport (Kleinman et al., 2006; Liu et al.,
2013). While a positive correlation between rainfall intensity and duration with pollutant wash off
may be expected, research indicates that behavior is non-linear, similar to a step-wise function,
indicating that key thresholds may control pollutant delivery (Egodawatta et al., 2007; Liu et al.,
2013). For instance, intense events (> 20 mm/h) delivered greater event mean concentrations
(EMC) of nutrients as compared to lower intensity events because of greater kinetic energy during
wash-off processes (Liu et al., 2013). Similarly, intense events with shorter duration (< 2 h) were
characterized as delivering greater EMC than same intensity (> 20 mm/h) but with longer duration
(> 2 h) (Liu et al., 2013). In addition, the effect of rainfall duration was minimal in wash off in low
intensity events (Liu et al., 2013). Contrarily, relationships between roadway runoff nutrient
concentrations with rainfall intensity or depth were not observed in research conducted in Tampa
Bay, Florida (Yang and Toor, 2017). The varied outcomes observed in different studies suggest
that the role of rainfall characteristics (especially intensity) on nutrient delivery may be highly
complex and context-specific.
The concept of transport-limited vs. supply-limited flows is well known within the sediment
transport literature (Lane, 1955; Grant et al., 2003). For example, when transport capacity is higher
than sediment supply in a river channel, more erosion and sediment transport occur but sediment
deposits when transport capacity is lower than sediment supply. Characterizing stormwater runoff
events as transport or supply limited may have applications to stormwater management. Borris et
al. [2014] conducted a modelling study that illustrated the role of rainfall and runoff as a primary
controlling factor of total suspended solids (TSS) in urban runoff. Transport-limited events
occurred when rainfall depth and intensity were low and generated runoff did not effectively
7

transport all available solids, thus concentrations were low. However, by increasing runoff volume
by a certain threshold (larger storms), transport limited flow regimes shifted to become supply
limited, where runoff effectively mobilized pollutants to the point where available transport
capacity exceeded pollutant mass, also resulting in low pollutant concentrations (Borris et al.,
2014). Similarly, Bach et al. [2010] stated that if runoff volume was not be sufficiently large
enough to wash off contaminants, concentrations may be constant through runoff event. However,
when contaminant supply is limited and runoff volume is sufficient, contaminant concentrations
will decrease with cumulative runoff volume (Bach et al., 2010).

1.2.2

Vegetated filter strip

Stormwater BMPs generally intercept stormwater runoff after the contaminant wash off
process. VFS, also called filter strip or buffer strip, is a type of infiltration-based BMP technique
of stromwater management where inflow runoff disperses as a sheet flow uniformly over vegetated
side slopes (Hager et al., 2019; Qin, 2020). They usually implement to drain runoff and prevent
inundation of roadways, and additionally remediate contaminants through biological and
physicochemical processes of sorption, filtration, sedimentation, and precipitation (Strock et al.,
2010; Winston et al., 2011; Horstmeyer et al., 2016). While they are widely-accepted BMPs to
provide infiltration and primary treatment of runoff from roadways (Abu-Zreig et al., 2003;
Dierkes et al., 2015; Horstmeyer et al., 2016), variation in nutrient removal performance has been
reported for roadside shoulder VFS applications (e.g. Boger et al. 2018; Hager et al., 2019).
Negative nutrient removal (i.e. generation) has been reported in roadside VFS (Stagge et al., 2012;
Hager et al. 2019). In some cases, VFS was considered as sources of contamination by
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accumulating pollutants (Barrett et al. 1998; Barrett et al. 2004; Koch et al. 2015; Liu et al. 2017;
Yu et al. 2019). Given runoff from roadways as a major source of nutrient and variations in nutrient
removal performance of roadside VFS, a new strategy of improving nutrient removals within VFS
roadside application is required.
Runoff flowing into roadside VFS infiltrates into surface soil over shoulder side-slopes or
bypasses the filter as overland flow to receiving water bodies or bottom channel. Within VFSs, the
vegetated area helps with runoff velocity reduction and promotes infiltration within subgrade
media, where potential contaminants may be sequestered or removed. The subsurface properties
of soil and surface characteristics such as roughness and depression storage will influence runoff
and infiltration process over side-slopes. Soil texture (relative percentages of sand, silt, and clay),
compaction, soil organic content, and soil moisture content are important parameters affect
infiltration capacity of subgrade media (Winston et al., 2011). Fine textural soils (e.g. clayey soils)
or compacted soils, which characterized by lower permeability, promote more runoff, sooner than
coarser soils with little compaction (Martinez-Mena et al., 1998; Vahabi and Ghafouri, 2009). Soil
compaction may occur because of human activities during roadway constructions, equipment used
for spreading fertilizers, grazing animals, or naturally due to raindrops (Dingman, 2015). Soil
organic content provides habitat for biota that positively increase pore space and soil infiltration
rate through root growth and decay process, burrowing, and soil insects (Jones, 1971; Vahabi and
Ghafouri, 2009; Dingman, 2015). Some influential properties such as soil moisture content,
vegetation cover, and precipitation intensity (rate of runoff production) may be dynamic and vary
seasonally or over a storm (Garcia de la Serrana Lozano, 2017). High initial soil moisture causes
low infiltration rate of soil and then faster response to runoff generation (Tarboton, 2003). Soil
9

content moisture is impacted by evapotranspiration rate, plant cover, and irrigation activities. In
addition, some soils which contain clay minerals swell in wet condition and shrink in dry condition
which consequently causes a decrease and increase in permeability and infiltration rate of soil,
respectively (Römkens and Prasad, 2006; Dingman, 2015).
The surface hydraulic process over VFS is mainly controlled by slope, surface roughness, and
vegetation cover, particularly when ponding begins (Dingman, 2015). The rate of generating
overland flow is directly related to slope and inversely related to surface roughness. Thus, steeper
slope and smoother surfaces facilitate rapid overland flow and lower infiltration rate. Steep sideslopes of road shoulders may also make the soil susceptible to erosion. Soil surface roughness can
be also increased during maintenance operations (Dingman, 2015). Two general type of surface
micro-structure depressions can be identified in roadside shoulder with respect to side-slope
direction (Garcia de la Serrana Lozano, 2017). Surface depressions with downslope orientations
can increase runoff generation while surface depressions with cross-slope orientations can
decrease runoff generation (Römkens and Wang, 1986; Helmers and Eisenhauer, 2006; Thompson
et al., 2010; Kirkby, 2014). Intense vegetation cover can lead to increase in soil surface roughness,
which then delay runoff generation by water retention in depressions (Garcia de la Serrana Lozano,
2017). In addition, soil vegetation cover can assist soil protection and the consensus is that denser
vegetation cover will promote infiltration rate and more protected the soil from the erosion (Loch,
2000). Accordingly and in summary, infiltration capacity of a VFS depends usually upon soil type
and compaction, rainfall-runoff event, inflow runoff volume, slope, filter size, and vegetation type
and density (Stagge et al. 2012; Boger et al. 2018; Qin, 2020).
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Engineering of roadway shoulder filters must be considered within the context of road shoulder
design standards, for instance, as regulated by FDOT (e.g. Florida Department of Transportation,
2005). While removal efficiency of BMPs are usually calculated based mean annual runoff
(Harper and Baker, 2007), a significant amount of the annual pollutant mass is typically carried
from roadways to shoulders by small frequent storm events (Pappas et al., 2008; Arias-Estévez et
al., 2008; McKenzie et al., 2009; Chai et al., 2012; Kayhanian et al., 2012; LeFevre et al., 2014;
Borris et al., 2014). Therefore, the design of VFS within roadway should be directed to the frequent
event sizes that most likely deliver the greatest pollutant loads.
Enhanced roadway runoff treatment may be possible within right-of-ways through
implementing VFSs containing engineered infiltration media (e.g. CTS Bold & Gold BAM) along
roadways. CTS Bold & Gold Biosorption activated media (BAM) is a type of engineered media
which has been developed for stormwater nutrient removals (Kibler et al., 2020). BAM contains
expanded clay, tire crumb, sand and topsoil (Hanson Professional Services INC, 2017). BAM
contains more than 2% and less than 6% mineral materials by volume smaller than #200 sieve size
(0.0029 in or 0.074 mm). The density of CTS BAM is about 1.6 g/cm3 (2700 lb/cy) and does not
contain organic material. CTS BAM is composed of approximately 15% sorption materials
including tire crumb of 0.04 to 0.2 in (~1 to 5 mm) size with density of about 0.43 g/cm3 (730
lbs/cy) and light colored mined clay (more than 99% clay content) with medium plasticity and
density of about 0.8 g/cm3 (1350 lbs/cy) (Hanson Professional Services INC, 2017). BAM
typically has total porosity of about 35% and water holding capacity of about 10% by porosity.
The permeability of BAM, as it is determined in laboratory, at maximum compaction should be
greater than 25.4 mm/h (1 in/h) (Hanson Professional Services INC, 2017). BAM is installed in11

place according to FDOT Standard Specification Section 120, in which its compaction in dry
condition is defined as 1280 to 1600 kg/m3 (~ 80 to 100 lbs/ft3). Clean water may be added to the
installed BAM to meet the compaction requirements. Local topsoil is used to cover the BAM media
and preparation of side slope for planting. According to FDOT Standard Specification (2018), soil
over grassed side slopes is not required to meet any specific density and should not be compacted
to not impede plant growth. The grassed shoulder area must be loose to the depth of 15.24 cm (6
in) for seeding and plant operation (FDOT Standard Specification, 2018).

1.2.3

Stormwater management areas and risk of karst aquifer contamination

Stormwater management areas (retention basins) are type of BMP systems, which are designed
to collect and store stormwater runoff temporarily, about 24 to 72 hours, and provide infiltration
to recharge groundwater (Harper and Baker, 2007). They are a common type of stormwater
management strategy in Florida for urbanized and commercial sites, as well as nearby roadways.
As the function of dry retention basins primarily relies on infiltration, these stormwater
management areas are designed and constructed in regions with permeable soil and adequate
storage within the vadose zone (minimum 0.3 to 1 m of soil depth above the seasonal groundwater
table) (Harper and., 2007). However, stormwater management areas are mostly designed
hydraulically to collect runoff and intercept peak flows rather than effectively remove pollutants
(Harper and., 2007). It is supposed that pretreatment of contaminants occurs through infiltration
by physical, biological, and chemical processes, though nutrient uptake through biological process
of plant surfaces and roots is expected to be limited since collected runoff should be infiltrated
within a limited time, less than 72 hours (Harper and., 2007). Because collected runoff should be
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infiltrated relatively fast, the configuration of the basin invert has an important role in protection
of the aquifer. Potential risk of contaminant transport from surface to the groundwater aquifer is
especially high where groundwater aquifers are karstic, as in some parts of Florida. Karst aquifers
are highly prone to dissolution, sinkhole formation, and subsurface drainage features. For example,
interconnection between a wastewater application facility and a first magnitude karst spring
(Wakulla Sprig) was demonstrated through tracer experiments conducted by Kincaid et al. [2012]
in Florida. Nutrients could transfer from surface to groundwater through infiltration into
subsurface drainages and conduits and led to groundwater aquifer contamination and increase in
the level of nutrients in the springs discharge point (Kincaid et al., 2012). These results justify the
study of karst feature in stormwater basins as relatively littles research has addressed the potential
risk of groundwater contamination from stormwater management areas (Stephenson et al., 1999;
Moore and Beck, 2018).
The Floridan aquifer is a karstic aquifer and one of the important fresh water resources in the
US (Stevanović, 2019). Karst aquifers are important water resources worldwide and supply
drinking water for hundreds of millions of people, 40% in the US and roughly 20-25% in the world
(Goldscheider, 2005; Ford and Williams, 2007; Ghasemizadeh et al., 2012). Due to the nature of
karst systems with high groundwater velocity and dissolution of the rocks, they are highly
susceptible to pollution. Karst development is typically through dissolution when limestone rocks
come to contact with acidic water. Dissolution over time generates specific surface and subsurface
karst features such as sinkhole, doline, polje, karst valley, cave and underground drainage streams,
which makes groundwater aquifer more susceptible to surface contamination (Ford and Williams,
2007). For example, Silver Springs is one of the largest karst springs in the state of Florida, located
13

5 miles east of city of Ocala in Marion County and provides headwater to Silver River (Rosenau
et al., 1977; Ghosh et al., 2016). Silver Springs is a tourist attraction spring because of significant
water discharge, aquatic wildlife, and well-known glass bottom boats (Samek et al., 2004; King et
al., 2004). Most impaired water in Silver Springs and Florida are associated to nitrogen and
phosphorus loads, which impaired water quality parameters (Phelps et al., 2006). Since stormwater
management areas are important BMPs where significant amount of runoff are infiltrated, care
must be taken into account with respect to their performance to protect groundwater quality.

1.3

Dissertation structure

This dissertation is an assembly of three research studies developed with the common purpose
of improving the management of nutrients in roadway runoff. In chapter 2, nutrient removal from
roadway runoff is investigated within a novel design of BMP, a VFS containing engineered
infiltration media sited within the roadway shoulder and embankment. The study is conducted by
designing two physical models simulating roadway shoulder and vegetated embankment, one with
engineered media and the other with common sandy topsoil in central Florida. The purpose of the
study is to examine nutrient removal efficacy of engineered media in different rainfall-runoff event
depths. In chapter 3, nutrient mass delivery is investigated within the runoff event scale to explore
nutrient source and delivery mechanisms in variable runoff event types. This study may inform
design of BMPs systematically by targeting effective runoff events in nutrient wash off over
roadways. In chapter 4, the potential of nutrient transport from stormwater management areas near
Silver Springs to and within surficial and karst groundwater aquifers are explored using
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geophysical investigations and tracer experiments. In chapter 5, we include a summary of findings
and conclusions of each chapter with suggestions for future studies.
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CHAPTER 2
HYDRAULIC AND NUTRIENT REMOVAL
PERFORMANCE OF VEGETATED FILTER STRIPS WITH
ENGINEERED INFILTRATION MEDIA FOR TREATMENT OF
ROADWAY RUNOFF
2.1

Preface

This chapter describes the application and efficacy of including engineered infiltration media
as a subgrade to enhance nutrient removal within the configuration of VFS in road shoulders. The
contents of this chapter have been submitted for publication to the Journal of Environmental
Management 1 and are currently under revision.

2.2

Abstract

As a new strategy for treating excess nutrients in roadway runoff, a self-filtering roadway could
be accomplished by including engineered infiltration media within a vegetated filter strip (VFS)
located in the roadway shoulder. However, nutrient removal performance will depend on the
design to effectively infiltrate roadway runoff and the capacity of subsurface media to sequester
or remove nutrients from infiltrated runoff. The objective of this study is to test hydraulic and
nutrient removal performance of a roadside VFS over varied rainfall-runoff event sizes and filter
widths. Two identical 1:1 scale physical models of roadway shoulders and embankments, one
containing engineered media (Treatment model) and the other without (Control model), were
tested with simulated rainfall and runoff from 1- and 2-lane roadways. Overall, 32 paired hydraulic
experiments and 28 paired nutrient removal experiments were completed to assess performance

Shokri, M; Kibler, K.M., Hagglund, C, Corrado, A; Wang, D; Beazley, M; Wanielista, M., underrevision. Hydraulic and nutrient removal performance of vegetated filter strips with engineered
infiltration media for treatment of roadway runoff. Journal of Environmental Management
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across frequent and extreme rainfall-runoff events. The results indicate that scalability of
performance with filter width varied by parameter. Runoff generation scaled predictably with filter
width, as runoff generated close to the pavement and total infiltration increased with filter length.
A 6 m-wide VFS containing the engineered media infiltrated all rainfall-runoff except during the
most extreme storm events (one-hour storms of 76.2 mm and 50.8 mm), where respectively 35%
and 22% of rainfall-runoff did not infiltrate and left the system as surface runoff. A majority of
phosphorus was retained within a 1.5 m filter while nitrate removal was not observed until 6 m.
The Treatment model strongly outperformed the Control model with respect to nitrate (arithmetic
mean ± standard deviation of 94±6% reduction vs. 23±64% increase, p < .001) and total nitrogen
removal (80±5% vs. 38±23% reduction, p < .001) due to higher rates of microbially-mediated
denitrification in the Treatment model. The two models performed comparably with regard to
phosphorus reduction (84±9% vs. 82±12% reduction). A minimum 6 m filter width is
recommended to ensure sufficient infiltration of runoff and nitrogen removal. Results of this study
address uncertainty regarding nutrient removal performance of VFS in urban runoff applications
and highlight a potential strategy for standardizing VFS performance across varied soil properties
by including engineered media within the filter.
Keywords: Vegetated filter strips, roadway runoff, nutrients, non-point source pollution, stormwater
BMPs, engineered media

2.3

Introduction

Urbanization often has adverse effects to quantity and quality of water resources by generating
more runoff, reducing groundwater recharge, and streamlining pathways of pollutants to water
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bodies (Tedoldi et al. 2016; Chen et al. 2017; Fardel et al. 2020). Roadway runoff is a widespread
non-point source of contaminants such as excess nutrients, heavy metals, sediments, toxic
substances, and pesticides (Hu et al. 2020; Jeong et al. 2020). Excess nutrients can cause water
quality degradation, eutrophication, and loss of biodiversity in receiving water bodies (Kayhanian
et al. 2012; Trenouth and Gharabaghi, 2016; Liu et al. 2017; Chen et al. 2020). As a response, best
management practices (BMPs) have been developed to reduce concentrations of pollutants in
urban runoff, including excess nitrogen and phosphorus, before discharge to a receiving waterbody
(Marsalek and Chocat, 2002; Clary et al. 2011; Li, 2015; Winston et al. 2019). Vegetated filter
strips (VFS), also called buffer strips or grass strips (Lauvernet and Helbert, 2020), are BMPs
applied to intercept and infiltrate runoff at the source and mitigate non-point source pollutants
(Bhattarai et al. 2009; Yu et al. 2019). Despite wide implementation, variability in effectiveness
of VFS is reported which may be attributed to variability in site-specific conditions (e.g. soil
texture, precipitation and runoff generation processes) and seasonal variation (e.g. antecedent
moisture) (Bhattarai et al. 2009; Stagge et al. 2012; Liu et al. 2017; Boger et al. 2018; Ekka et al.
2021). However, design failures have also been noted, including inappropriate scale and structure
of design (e.g. width, slope, vegetation type and density), inadequate maintenance leading to
performance degradation over time and accumulation of pollutants (Barrett et al. 1998; Barrett et
al. 2004; Bhattarai et al. 2009; Koch et al. 2015; Liu et al. 2017; Yu et al. 2019).
VFS have been developed and tested in agricultural applications (Dillaha et al. 1989; Chaubey
et al. 1994; Lim et al. 1998) and most rigorous research has focused on sediment transport
processes (Meyer et al. 1995; Muñoz-Carpena et al. 1999; Abu-Zreig et al. 2001; Leguédois et al.
2008; Pan et al. 2017). However, VFS have more recently been proposed as an urban stormwater
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solution, with the specific application of treating excess nutrients in roadway runoff (Winston et
al. 2012; Stagge et al. 2012; Boger et al. 2018). To ensure adequate VFS performance for treating
nutrients in roadway runoff, specific design criteria targeted to the urban roadway application
should be based on reliable data regarding benefits to water quality, which require empirical
experiments (Gavrić et al. 2019).
VFS nutrient removal performance within the right-of-way will depend on two processes: 1)
the hydraulic performance of VFS to effectively infiltrate inflow runoff (Davis et al. 2012; Zhao
et al. 2016; Rivers et al. 2021), and 2) the capacity of vegetation and subsurface media to
effectively sequester or remove nutrients from infiltrated runoff (Boger et al. 2018; Gavrić et al.
2019). Vegetation morphology, density (cover), and canopy height provide first-order control to
runoff and infiltration patterns. Hydraulic resistance tends to increase with vegetation cover and
density (Spaan et al. 2005) as drag interaction with vegetation converts a portion of kinetic energy,
causing flow velocity to decrease (Kibler et al. 2019). Greater infiltration rates within vegetation
are a product of decrease in runoff velocity (Jin and Römkens, 2001; Zhao et al. 2016) and
biologically-mediated changes to soil structure (Jones, 1971; Garcia de la Serrana Lozano, 2017;
Gavrić et al. 2019). VFS hydraulic design requires understanding how climate, runoff generation
and infiltration intersect at the site to optimize filter sizing. Larger rainfall events may form
substantial runoff volumes that do not infiltrate entirely within the filter and therefore bypass the
BMP as surface flow (Davis et al. 2012). Such bypass surface flows would not be fully treated
within the BMP and can reach the receiving water body directly (Boger et al. 2018). Consequently,
BMP design typically recommends capturing at least 70 to 90% of the annual runoff volume based
on local relative frequency analysis of rainfall events (Roesner et al. 2011; Borris et al. 2014). The
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design of the roadway VFS should be directed to the event sizes most likely to deliver the greatest
pollutant loads. For instance, high-frequency (i.e. low magnitude) rainfall events may carry a
substantial amount of the total annual pollutant loads to roadside shoulders (Dudley et al. 2001;
Pappas et al. 2008).
There is a persistent uncertainty regarding nutrient removal effectiveness of VFS, especially
for roadside applications (Boger et al. 2018; Gavrić et al. 2019; Hager et al. 2019). A review on
this topic conducted by Hager et al. [2019] indicated high variation in removal of total nitrogen
(TN, -26 to 69%), nitrate (NOx-N, -25 to 71%), and total phosphorus (TP, -42 to 56%) from urban
stormwater runoff by roadside VFSs. Another review (Boger et al. 2018) similarly concluded a
broad range of performance in removals of TN (-26 to 86%), NO3-N (-25 to 89%), and TP (-218
to 99%) from roadway runoff in roadside VFS and grassed swales. Both nitrate removal and
generation within VFS are reported by Stagge et al. [2012], and VFS in California were found to
have little to no effect in nitrogen and phosphorus removal from roadway runoff (Barrett et al.
2004). Such wide performance variations, including observations of negative removal (i.e. nutrient
generation) are attributed to variation among soil properties, rainfall-runoff events, antecedent soil
moisture, roadside condition (e.g. slope, filter width, vegetation type and density, and
maintenance), and site history (e.g. nitrate retention from earlier smaller storm events) (Boger et
al. 2018; Stagge et al. 2012).
The inconsistent performance of VFS regarding nutrient retention or removal as reported in
the literature suggests the need for new strategies to enhance nutrient removal within the road
shoulder. Soil type and its conductivity, slope, filter size, vegetation type, and vegetation cover are
recognized as the main driving factors controlling water quality parameters through a VFS (Stagge
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et al. 2012; Boger et al. 2018; Hager et al. 2019). However, roadway shoulders often are strictly
managed in terms of soil type, compaction and surface slope, as well as vegetation type and
maintenance (e.g. Florida Department of Transportation, 2018), thus roadway designs occupy a
narrower set of boundary conditions that may influence performance as compared to agricultural
or forestry VFS applications. Typical space limitations within road shoulders can also bound filter
size. Including media that has been engineered to enhance both infiltration and nutrient removal
as a filter in the subsurface of a roadway VFS may standardize and improve hydraulic and nutrient
removal performance as a new strategy. For instance, bio-sorption activated media (BAM, BOLD
& GOLDTM) is an engineered porous media that has been developed for use in stormwater BMPs
(O'Reilly et al. 2012; Wanielista et al. 2014; Wen et al. 2020b). Defined by specific ratios of sand,
aluminum clays, and tire crumb, BAM is designed to promote drainage while enhancing nitrogen
removal via denitrification within media biofilms and phosphorus retention via sorption to media
components (O'Reilly et al. 2012). Laboratory column testing and batch studies of BAM (e.g.
Chang et al. 2018a and b; Wen et al. 2018; Chang et al. 2019) suggest promising remediation of
nutrients under varied physicochemical and biological conditions. However, the application of
BAM or other engineered media within a VFS for the purpose of treating roadway runoff has not
been studied. This novel engineering approach requires testing and validation to justify potential
investments and inform design. For instance, understanding how nutrient transformation
mechanisms within engineered media compare to native soils or scale with flowpath length and
retention time within a VFS can inform the filter design that should be implemented for roadway
applications.
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The objective of this research is to test the application and efficacy of including engineered
infiltration media as a subgrade to enhance nutrient removal within the configuration of road
shoulders. For this purpose, we inspected 1) hydraulic and nutrient removal effectiveness of VFS
equipped with engineered infiltration media when applied to shoulders of 1- and 2-lane roadways
over varied rainfall-runoff event sizes, and 2) the appropriate scale of VFS filter width and
certainty of performance for treating contaminated roadway runoff. Two identical 1:1 scale
physical models of roadway shoulders and embankments were constructed, one containing
engineered media (Treatment model) and the other without engineered media (Control model).
The models were tested with identical simulated rainfall and runoff from 1- and 2-lane roadways.
The hydraulic and nutrient removal performance of the Treatment VFS is compared to that of the
Control, testing the hypothesis that infiltration and nutrient removal within the VFS containing
engineered media exceeds that observed in the Control model. This is the first study to test
infiltration and nutrient removal in a roadway VFS using engineered media, and novel
experimental procedures were developed. Results can therefore provide important information on
effectiveness of VFS and the design criteria to apply such BMPs in urbanized areas.

2.4

Materials and Methods
2.4.1

Study area

Two physical models (Treatment and Control) were constructed at 1:1 field scale to simulate
2.4 m lengths of roadways extending to a 9.0 m width along the roadway shoulder and embankment
(Figure 2 and Figure 3). Water was able to drain freely from the bottom of the 1-m deep models,
simulating infinite depth to the groundwater table such that any surface runoff generated was by
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definition Hortonian (infiltration excess) overland flow (Woolhiser and Goodrich, 1988). The
models were constructed in Orlando, Florida, at an outdoor research facility at the University of
Central Florida (Figure 3). Central Florida has a humid subtropical climate. Much of the annual
rainfall (mean 1300 mm) is delivered during the humid, warm season (May to October, mean high
temperature of about 33 °C) while the rest of the year is mild and drier (mean low temperature of
about 9 °C, Harper and Baker, 2007; NOAA, 2017). Warm water bodies around the state of Florida
(e.g. Gulf of Mexico and Atlantic Ocean) are the main sources of natural precipitation (NOAA,
2017), which can be delivered in high-intensity bursts up to 94 mm/hr.

Figure 2. Physical models of roadside VFS containing (A) engineered media (Treatment) and (B)
soil (Control).
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Figure 3. Model construction and dimensions (A), filling with the media (B), compaction (C), final
design with established vegetation (D), and hoisted calibrated rainfall simulator (E).
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Figure 4. Particle size distributions of soil and BAM (A) and mean bulk density across depths of
Treatment and Control models (B). Note: the red dashed lines in (B) indicate the range of
standard compaction for roadside media specified in Florida.
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2.5

Model design and construction

Two road shoulder models were constructed identically, following standard cross-section
specifications for 1- and 2-lane roadways in Florida (Florida Department of Transportation, 2012).
The only difference in the models was that the Treatment model contained a 0.6 m layer of
engineered media (CTS BOLD & GOLDTM BAM, by volume 85% sand, 10% tire crumb, and 5%
clay). The engineered media filter was overlain by a 0.3 m layer of a locally-sourced sandy topsoil,
including microbial community. The sandy topsoil (classified as sand by USDA textural
classification) is typical of Central Florida topsoils (Figure 2). The Control model bed was filled
to 0.9 m depth with the same sandy topsoil. Based on AASHTO classifications, both BAM and
the topsoil were classified as A-3 soil type, characterized as a mixture of poorly-graded fine sands
and a low percent of coarse sands and gravel (AASHTO, 2008). Particle size distributions
determined for triplicate samples of BAM and soil using dry and wet sieve analyses (method
ASTM C136/C136M-19) indicated similarity in particle size classes (Figure 4), with distributional
differences by mass mainly occurring within the range of 160-420 𝜇𝜇m. However, BAM contained

a substantial volume of tire crumb in sizes larger than 250 𝜇𝜇m, much in range of 1.18 to 2 mm
(very coarse sand) which was not well represented in the mass analysis due to the lower particle
density. All media were compacted to within the range of standard bulk density required for
roadway shoulders in Florida (1280 to 1600 kg/m3, FDOT Standard Specification, 2018), with the
exception of the top 0.15 m to allow vegetation establishment (Figure 3). A 3.0 m impervious
surface (6% slope) was poured at the upstream of each model to simulate a portion of the roadway
and the paved shoulder (Figure 3). From the edge of the pavement, a 1.5 m vegetated shoulder (6%
slope) was followed by 4.5 m of vegetated embankment (16.6% slope). The roadway shoulder and
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embankment areas of both models were cultivated with Paspalum notatum Flüggé (Bahiagrass), a
grass species commonly found along on roadways in Florida, using a standard seeding rate for
vegetated roadside shoulders (Ferrell et al. 2012; Wasowska, 2014) (Figure 3 D). Bahiagrass
vegetation was cultivated from seed over a period of 9 months to ensure a mature vegetative
canopy and to allow development of microbial communities under similar conditions within the
models before testing began. No fertilizers or chemicals were applied. Rainfall was simulated
using a calibrated rainfall simulator (Figure 3 E) while roadway runoff was introduced upstream
as a sheet flow dispersed over the concrete (Figure 5 A).

Figure 5. Roadway runoff delivered as sheet flow over pavement (A), collection of infiltrate
samples (B), and models covered with waterproof tarpaulin to exclude natural rainfall (C).
2.6

Experimental procedure

Overall, 32 hydraulic experiments and 28 nutrient removal experiments were performed to test
hydraulic and nutrient removal performance of the BAM VFS as compared to the Control model
(Table 1). Each experiment consisted of identical testing in Treatment and Control models, and
each tested design storm was replicated to simulate runoff from both 1- and 2-lane roadways.
Parameters of design hyetographs (rainfall depth, duration, and pattern) were selected based on
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frequency analysis of long-term (1984 - 2013) 15-min rainfall data gauged in north-central Florida
(NOAA, 2017). Precipitation events were defined as periods of continuous precipitation separated
by at least three hours (Harper and Baker, 2007). Events were categorized based on cumulative
storm depth in order to calculate relative frequency of occurrence and return period. A second
relative frequency analysis was completed considering rainfall duration within each categorized
rainfall depth to detect the most frequent duration of events based on size. Finally, the most
frequent within-event pattern was detected among storm depth-duration combinations, which was
used to design storm hyetographs.
Testing under frequently-occurring storm conditions was undertaken to investigate hydraulic
and nutrient removal performance during rainfall events likely to produce high cumulative
loadings of nutrients to receiving water bodies (Table 1). Hydraulic performance was also tested
under high-intensity rainfall conditions to indicate the maximum 1-hour storm intensities under
which runoff was infiltrated. Partitioning of volumetric inflows (Qin, consisting of precipitation
and roadway runoff) into infiltrated water (Qinf) and surface runoff (QRO) was accomplished using
a water mass balance as Eq. 1.
𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑅𝑅𝑅𝑅 + 𝑄𝑄𝐸𝐸

(1)

where 𝑄𝑄𝑖𝑖𝑖𝑖 and 𝑄𝑄𝑅𝑅𝑅𝑅 were measured and evapotranspiration (𝑄𝑄𝐸𝐸 ) was considered negligible at event
scale. The length of overland flow over the vegetated section was measured from the pavement
edge.
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Table 1. Design rainfall-runoff events for hydraulic and nutrient removal experiments. Each was
completed for both 1- and 2-lane roadways.
Experiment
and event type

Frequentlyoccurring storms
Hydraulic
experiments
High-intensity
testing

Nutrient removal experiments

Cumulative
rainfall depth
(mm)

Duration
(h)

Mean
intensity

Return period
(day or year)

(mm/h)

12.7

0.5

25.4

71 (d)

19.1

0.75

25.4

114 (d)

25.4

0.75

33.0

1.2 (y)

38.1

3.75

10.16

2.6 (y)

25.4

1.00

25.4

1.0 (y)

38.1

1.00

38.1

7.0 (y)

50.8

1.00

50.8

7.7 (y)

76.2

1.00

76.2

62.5 (y)

12.7

0.5

25.4

71 (d)

19.1

0.75

25.4

114 (d)

25.4

0.75

33.0

1.2 (y)

25.4

0.75

33.0

1.2 (y)

25.4

0.75

33.0

1.2 (y)

38.1

3.75

10.16

2.6 (y)

76.2

1.75

43.5

100 (y)

Runoff nutrient loads of nitrate, ammonia (NH3-N), TN, and TP were designed based on review
of literature citing event mean concentrations (EMC) of each constituent in roadway runoff (Table
2; Driscoll et al., 1990; Thomson et al., 1997; Barrett et al., 2004; Kayhanian et al., 2007; Harper
and Baker, 2007; Winston et al. 2012; Winston and Hunt, 2016, Kibler et al., 2020), where EMC
is defined as the mass per unit runoff volume (Sansalone and Buchberger, 1997). City tap water
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was used for all experiments and its background nutrient concentrations were measured (Table 2).
Standard solutions (Hach Company) of 1000 mg/L of nitrate (NO3-N), ammonia, and phosphorus
(as potassium phosphate) were added to base concentrations found in city water to achieve the
target concentrations of nitrate, ammonia, and TP, respectively. Following the method applied by
Caruso (2014), glycine (C2H5NO2, 99% reagent) was used to create a stock solution of 1000 mg/L
as an organic nitrogen source to bring TN concentrations in the mixed runoff solution into the
target range (Table 2). The stock solutions were freshly prepared before each experiment. The ratio
of nitrate:ammonia and TN:TP in the produced runoff were 5.3 to 1 and 8.3 to 1, respectively.
Table 2. Mean and range of reported roadway runoff nutrient loads as event mean concentrations
(EMC) in Florida, Minnesota, California, and North Carolina and measured nutrient
concentrations in tap water used in this study. Data are in (µg/L).
Nutrient species
Road runoff mean EMC

NOx-N

NH3-N

TN

TP

580

110

1750

210

Road runoff range of variation 230 – 1320 70 – 150 680 – 3200 70 – 560
UCF tap water

9±2

2±0

74 ± 4

100 ± 2

Each experiment was completed on Treatment and Control models on the same day, or in the
case of long event durations, on consecutive days. Changes in water quality parameters were
detected considering variation in time and location along the filter width. Runoff samples (1000
mL) were collected directly into plastic sampling bottles and samples of stormwater infiltrate
(1000 mL) were collected in bottles from the bottoms of the models (Figure 5 B). Four hours after
the start of rainfall-runoff, samples of infiltrate were taken along the filter at distances of 1.5 m,
3.0 m, and 6.0 m from the edge of pavement (Figure 2). Additional infiltrate samples were
collected at the 6.0 m filter width at 20 hours from the start of the experiments, to assess the impact
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of longer contact time with media. Dissolved oxygen (DO) and temperature were measured in
triplicate samples directly after sampling. A YSI Pro 20i DO/Temperature meter was calibrated to
the local DO saturation and then stirred into three 150 mL samples from each time/location.
Specific conductivity (SC) and pH of water samples were also measured in triplicate within 24
hours of collection using a calibrated YSI Pro 1030 pH/ORP/conductivity/Temperature
instrument. The SC and pH probes were calibrated before each use in standard calibration solutions
(1413 and 10,000 µmoh/cm for SC and pH 4, 7, and 10 buffer solutions). The probes were washed
with distilled water between each measurement. Using measured DO, water temperature, SC, and
local air pressure, percent saturation of DO was calculated (Rounds et al. 2013).
After collection, 1000 mL samples were prepared for nutrient concentration testing. Samples
were divided into three 60 mL bottles and three 100 ml bottles. Samples in the 60 mL bottles were
preserved with H2SO4 until pH < 2. Samples were kept cool (T < 5°C) and delivered to a certified
lab (Environmental Research & Design, Orlando, Florida) within 24 hours of collection. The
samples were analyzed within 48 hours for ammonia, TN, and TP (preserved) and nitrate (filtered
through 0.45 micron) concentrations. The species were determined through standard methods of
NH3-N (SM-22, Sec. 4500-NH3 G, minimum detection limit (MDL) 10 µg/L), TN (SM-22,
Sec4500-NC, MDL 25 µg/L), TP (SM-22, Sec. 4500 P F, MDL 1 µg/L), and NOx-N (SM-22 Sec.
4500-NOx F, MDL 2 µg/L). All nitrogen species were reported as µg/L N, to allow for comparison
to TN. Percent nutrient removal was calculated at the sampling locations for each species
considering the ratio of difference between nutrient concertation in runoff and infiltrate water to
the runoff concentration times 100 (Strecker et al. 2001; Koch et al. 2015). Nutrient removal
efficacy was then determined by calculating arithmetic mean and standard deviation of the
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calculated percent removals considering all conducted 1- and 2-lane roadway experiments.
Statistical analyses of independent-sample t-test (95% confidence intervals) were completed using
SPSS for nutrient species and water chemistry parameters to test the significance of performance
differences between the two models (Blanco-Canqui et al. 2004; Franco and Matamoros, 2016).
To ensure independence of experiments, at the conclusion of each test, all surfaces, vegetation,
soils, and media of the models were flushed with at least 2000 L of water (approximately 40% of
available pore volume). Flushing was completed exactly 90 hours before the start of each
experiment, providing identical drainage time to ensure similar soil water content and dry
vegetation at the start of each experiment. The models were covered when needed to exclude
natural precipitation (Figure 5 C). The vegetation canopy height was maintained before each
experiment (Ferrell et al. 2012) and vegetation density was monitored regularly in situ within 30
by 30 cm quadrats in seven randomly-selected locations of each model. Vegetation monitoring
suggested that vegetation density was similar between the two models over the period of
experimentation (Appendix A, Figure A.1).

2.7
2.7.1

Results and discussion
VFS hydraulic performance

As storms progressed, overland flow initially generated where roadway runoff flowed from the
pavement to the vegetated section of models. Surface flows usually infiltrated further along the
slope, however the length over which overland flow generated increased with storm intensity
(Supplementary materials, Table A.1 and A.2) until the entire filter width generated overland flow.
During identical storm events, overland flow was consistently generated at greater lengths in the
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Treatment system as compared to the Control (Figure 6). Additionally, surface runoff was
collected at the downstream of the Treatment model, but never in the Control model.

Figure 6. Hydraulic testing: overland flow generation length over Control and Treatment models
during 1- and 2-lane simulations under typical and high-intensity storms.
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Surface runoff generated to the end of the Treatment model during high rainfall intensities
(Figure 6). All surface runoff recorded was generated as Hortonian overland flow, signifying that
the infiltration rate into the Treatment model was lower than the water input rate. During 1-lane
roadway simulations, surface runoff at the downstream of the Treatment model was recorded only
during the highest intensity storm, 76.2 mm/h. Approximately 35% of inflow water did not
infiltrate into the filter during this storm and left the Treatment system as Hortonian surface runoff.
During simulations of a 2-lane roadway, respectively 22% and 35% of input water ran off as
Hortonian flow at the downstream of the Treatment model during storm intensities of 50.8 mm/h
and 76.2 mm/h (Figure 6). At an intensity of 50.8 mm/h, surface water runoff generated over the
entire 6 m model approximately 30 min from the beginning of storm (Appendix A, Table A.2).
This time decreased to about 20 min at the higher storm intensity of 76.2 mm/h.
By comparison, surface runoff was never recorded in the downstream of the Control model.
For the same storm intensity, overland flow consistently infiltrated closer to pavement in the
Control than the Treatment model (Figure 6). As vegetation density was similar in Treatment and
Control models throughout the experiments (respective means of 6130±780 and 7230±1240 grass
blades/m2) (Appendix A, Figure A.1), observed differences in hydraulic performance are not likely
attributed to different surface roughness conditions. The generally lower lengths of overland flow
in the Control model and lack of Hortonian surface runoff at the downstream of the Control model
suggests that infiltration rates through BAM were slightly lower relative to the sandy soil.
Hydraulic performance predictably scaled with filter length, such that more surface runoff was
able to infiltrate into longer filter lengths. Despite the slightly lower infiltration rate relative to
soils, it is likely that the hydraulic capacity of a 6 m wide VFS with BAM media would provide
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infiltration capacity for most storm events, given sufficient depth to the groundwater table. The
high-intensity hydraulic testing indicates that infiltration capacity is likely to be exceeded only
rarely; for example, a 1-hour storm with mean intensity of 50.8 mm/h would have a recurrence
interval in the study areas of about once every 7.7 years (Table 1). Runoff from more frequentlyoccurring storm events infiltrated completely within the 6 m filter width (Figure 6).

2.7.2

VFS nutrient removal performance

In comparisons of infiltrate to runoff, the Treatment filter strongly outperformed the Control
in terms of nitrate and TN removal (p < .001, Figure 7, Table 3-Table 4). The most striking
difference between Treatment and Control models was related to nitrate removal performance.
Nitrate concentrations of infiltrate from the Control model increased relative to runoff
concentration at every sampling location and time (Figure 7, Table 3). For instance, when
considering mean response over all experiments, nitrate concentrations in Control infiltrate taken
3 m from the pavement increased more than threefold relative to runoff (arithmetic mean ±
standard deviation of 220±196%) and remained elevated at 6 m from the pavement (by 23±64%
at four hours and by 50±73% after 20 hours) (Table 3). However, in the Treatment model, though
nitrate concentrations increased at 1.5 m and 3 m, nitrate had been all but removed from infiltrate
by 6 m within four hours (94±6% removal) (Table 3). Conversion from ammonia to nitrate within
the first 1.5 m of filter was evident in both Treatment and Control models, as ammonia
concentrations decreased by 94±7% and 96±4% respectively (Figure 7 and Table 3-Table 4). The
Treatment model also reduced TN more effectively than the Control (p < .001, Figure 7, Table 3Table 4). Similar to nitrate, an increase in TN concentration was observed at 1.5 m in the Treatment
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model and at 1.5 m and 3 m in the Control (Figure 7, Table 3). However, TN concentrations
decreased in both models by 6 m. At 6 m, TN concentrations were reduced by a mean 80±5% in
the Treatment model as compared to 38±23% in the Control (Table 3). With regard to phosphorous
reduction, the Treatment and Control models performed similarly, respectively, reducing TP
(84±9% vs. 82±12%) consistently within first 1.5 m of filter width (Figure 7 and Table 3-Table 4).

Figure 7. Arithmatic mean ± SD of nutrient concentrations in runoff and infiltrate samples at 1.5
m, 3.0 m, and 6.0 m along the filter width in Treatment (A) and Control (B) models. Mean percent
removal ± SD of nutrients in infiltrate with respect to runoff in T(C) and Control (D) models.
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Both pH and DO saturation decreased more strongly through the Treatment model than in the
Control (p < .05, Tables 3-4). The larger drop in DO in the Treatment model indicates that oxygen
was consumed at higher rates in the engineered media than in soil, likely through enhanced
biological activities that also removed nitrate (O'Reilly et al. 2012; Wen et al. 2020a). Release of
carbon dioxide by microbial activity led to carbonic acid production, causing the stronger observed
decrease in pH in the Treatment model. Reduction in nitrogen concentrations through the filter can
be attributed to conversion from ammonia to nitrate and removal of nitrate through denitrification.
The rapid conversion of ammonia to nitrate is the likely mechanism that caused infiltrate ammonia
concentrations to decrease at 1.5 m and nitrate concentrations to increase at 1.5 and 3 m, which
was observed in both Treatment and Control models. However, denitrification processes varied
between the models, with greater microbially-mediated denitrification in the Treatment model
producing higher nitrate and TN removal rates. Phosphorus removal from the infiltrate in both
models likely occurred via sorption to media particles (Liu et al. 2013; Hood et al. 2013).
Nitrogen removal performance was scaled to filter width. While nitrogen concentration
behaviors at 1.5 m and 3 m filter widths varied from test to test, the strong decrease in nitrogen
concentrations by 6 m in the Treatment model was highly consistent among experiments. Similar
patterns of nutrient removal were observed across experiments of different storm depths,
intensities, and roadway types (individual experiment results provided in supplementary materials,
Tables A.3 to A.6 and Figures A.2 and A.3). The consistency of nutrient removal observed in the
Treatment model across variable runoff events suggests that nutrient removal performance in
roadway VFS is perhaps less affected by infiltration depth, but strongly related to subgrade media,
filter width, and runoff nutrient concentration (a constant in this study). By contrast, the relatively
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high standard deviations around nitrogen concentrations observed in infiltrate from the Control
model indicate more variable performance of the local soils as compared to BAM. This is a
reflection of the different microbial communities supported respectively by the sandy soils and
BAM, potentially related to slight differences in water retention properties of the media. Nitrogen
conversion and removal were observed relatively quickly within the biogeochemical conditions of
the filter. Little difference in nitrate or TN concentration was seen when comparing samples with
maximum stormwater-media contact times of 4 hours to 20 hours (Figure 7 and Table 3). Given
the observed increase in nitrate and TN concentrations at 1.5 m and 3 m widths, a minimum VFS
filter width of 6 m is recommended to ensure sufficient nutrient reduction performance (Figure 7
and Table 3-Table 4).
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Table 3. Arithmetic mean ± standard deviation of water quality parameters and mean percent change relative to runoff.
NOx-N (µg/l)

NH3-N (µg/l)

TN (µg/l)

TP (µg/l)

DO saturation (%)

SC (µS/cm)

pH

Treatment Control Treatment Control Treatment Control Treatment Control Treatment Control Treatment Control Treatment Control

1.5 m
(4hr)

563±10

565±7

149±6 147±10 1729±27 1758±69 295±12 309±36 79±11

80±10

3±0

4±3

8.0±0

8.0±0

6±1

4±1

2105±26 1788±22

48±4

63±6

94±7

95±10

4±0

4±3

7.4±0

7.9±0

3 m (4hr) 692±14 1816±23

4±1

3±0

919±25 2267±35

69±7

72±4

84±7

95±10

3±0

4±3

7.3±0

7.9±0

6 m (4hr)

32±4

700±14

10±1

6±1

339±16 1074±20

66±6

54±10

66±12

88±12

3±0

4±3

7.3±0

7.6±0

6 m (20hr)

23±3

859±9

16±11

4±1

329±12 1226±23

61±8

62±17

75±18

98±13

3±1

4±3

7.1±0

7.6±0

214±271 164±146

-94±7

-96±4

31±129

3±55

-84±9

-82±12

22±17

20±19

1±4

-1±3

-8±1

-1±1

3 m (4hr) 22±121 220±196

-96±3

-97±2

-47±38

26±81

-78±31 -79±11

9±17

20±22

-4±9

-3±9

-9±2

-2±2

-94±6

23±64

-90±12

-95±5

-80±5

-38±23

-78±18

-82±5

-15±21

10±20

-6±9

-1±4

-9±2

-5±2

6 m (20hr) -96±3

50±73

-81±42

-96±4

-81±7

-29±26

-80±20 -80±13

-3±30

23±18

-15±14

-7±10

-11±3

-5±1

Infiltrate

1835±19 1526±17

1.5 m
(4hr)
Infiltrate

Mean percent change

Arithmetic mean ± SD

Runoff

6 m (4hr)
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Table 4. Independent-sample t-test (95% confidence interval) for performance differences between Treatment and Control
models at different sampling locations and times. Bolded and italic values are statistically significant.
SC (µS/cm)

p

t

df

p

t

df

p

t

df

p

26

.471

0.25

22

.803

0.94

26

.358

1.13

26

.270

0.70

26

.489

0.20

20

.845

0.92

24

.365

11.08

24

.000

.021

0.08

26

.940

3.00

20

.007

0.97

24

.341

-9.25

24

.000

26

.000

0.76

26

.454

4.29

22

.000

1.10

26

.280

-5.86

26

.000

26

.000

0.33

26

.743

3.53

22

.002

0.18

26

.861

-7.44

26

.000

NH3-N (µg/L)

t

df

p

t

df

p

t

df

p

t

df

0.19

26

.851

0.15

25

.884

0.48

26

.637

0.73

1.5
m(4hr)

0.52

26

.609

0.98

25

.339

0.55

26

.589

3 m(4hr)

2.82

26

.009

1.37

25

.184

2.45

26

6 m(4hr)

6.28

26

.000

1.33

25

.195

7.01

6
m(20hr)

6.70

26

.000

1.41

25

.170

7.69

Runoff

Infiltrate

DO saturation
(%)

NOx-N (µg/L)

TN (µg/L)

TP (µg/L)
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pH

2.7.3

Design guidance for roadway VFS with engineered media

Results of the hydraulic and nutrient removal experiments suggest that road shoulder VFS
containing engineered media may be effective BMPs for removing nitrogen from roadway runoff.
In this study, the addition of engineered media was more effective than local soils at remediating
nitrogen concentrations. While promising, the nitrogen reduction benefits of engineered media
concluded in this study are strictly relative to the nutrient reduction performance of the Control
soils tested in this experiment. Soil properties (e.g. texture, organic matter content) are naturally
spatially heterogeneous and influence the microbial community and transformation of nitrogen
through the soil profile. Therefore, nitrogen remediation that can be expected within unaltered soil
profiles also varies from place to place. In some places, replacing the unaltered soil profile with a
filtration media such as BAM may lead to greater reduction of nitrogen (as observed in this study);
in other cases, the natural remediation of the unaltered soil profile may equal or exceed that of
engineered media. Further study should be undertaken to understand where amendment of the local
soil profile with engineered infiltration media will be likely to result in net improvement to
stormwater quality.
High-intensity hydraulic testing confirmed that the capacity of 6 m wide VFS with sandy soil
textures and/or BAM are unlikely to be exceeded during typical and even lower-frequency events.
Although the infiltration rate through the BAM VFS was slightly lower than the Control sandy
soils, the reduction in drainage rates in the BAM filter were not sufficient to produce surface runoff
during event sizes that would occur with regularity. Again, given the spatial heterogeneity of soils,
it should be understood that these results are partially controlled by the sandy soils tested. While
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engineered media will behave similarly from place to place, soils used to overlay engineered media
may vary with respect to properties that control drainage. When infiltration is not impeded by a
shallow water table (Carluer et al. 2017; Fox et al. 2018), and when soil hydraulic conductivities
are similar to those tested, hydraulic capacity is not necessarily a design limitation to nutrient
remediation by a roadway shoulder VFS. The experimentation herein simulated areas with a
relatively deep (> 1 m) vadose zone, such that surface infiltration into the VFS is not impeded by
saturation from below by the groundwater table (Lauvernet and Helbert, 2020). Any surface runoff
observed within the vegetated sections of the models in this research was generated as infiltrationexcess (Hortonian) overland flow and was not saturation-excess overland flow. Therefore, the
outcomes of these experiments cannot necessarily apply to situations when infiltration is impeded
by groundwater table. In such situations, partitioning of runoff and infiltration will become siteand event-specific, and thus cannot be tested for generally. Prospective sites for VFS installation
should be monitored to determine seasonal depth to the groundwater table. Since the filter cannot
treat stormwater that does not infiltrate, calculation of potential annual nutrient removal benefit
should consider whether reduced vadose zone capacity will limit stormwater infiltration and thus
treatment.
Nitrogen removal observed through the BAM VFS in this study (80% lower TN concentrations
in infiltrate as compared to runoff after 6 m of filter width) is similar to results of prior column and
batch studies of BAM, which collectively indicate around a 70 to 78% decrease in TN (Chang et
al. 2018a; Wen et al. 2018; Chang et al. 2019). Such performance similarity suggests that
mechanisms observed in laboratory study of BAM may also apply within a roadway VFS
configuration. With respect to TP removal, better performance was observed for the BAM VFS in
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this study (84%) in comparison to the swale model (71%) and column experiments (60%) reported
by Hood et al. (2013) for simulated highway runoff. In comparison to a VFS in North Carolina for
treating nutrients in runoff from a 2-lane roadway (uncompacted fine sandy soil under 5.2% slope
and 17.1 m filter width), the BAM VFS performed better with respect to nitrate (94% vs. 49%),
TN (80% vs. 62%), and TP (84% vs. 48%) removals (Line and Hunt, 2009).
Nevertheless, further research should consider more detailed DO/redox analyses to better
understand mechanisms of nutrient removal/retention or explore effects of variable carbon content
or pH in runoff to more thoroughly characterize BAM performance in a VFS configuration. In
particular, the observed local increase in nitrogen concentration within the first 3 m of filter from
the edge of pavement can be a subject for future detailed research. Considering variable runoff
nutrient concentrations and the impact of seasonal variations can also be beneficial.

2.8

Conclusion

This study compared hydraulic and nutrient removal performance of a road shoulder VFS in
sandy soils equipped with an engineered media filter to that of an identical Control road shoulder
containing only sandy soils. Rainfall-runoff events were simulated for both 1- and 2-lane roadways
and across a range of typical and high-intensity events. With respect to nutrient removal, the VFS
with engineered media outperformed the Control road shoulder, removing significantly more
nitrate (94±6% reduction vs 23±64% increase, p < .001) and TN (80±5% vs. 38±23% reduction,
p < .001) within a 6 m filter width. Changes detected to nitrogen speciation, pH and DO saturation
along the length of the filters and through time indicate that rates of microbially-mediated
denitrification were greater within the engineered media, leading to the strong nitrate removal
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efficiency. Within the conditions of a roadway shoulder and embankment, rapid conversion of
ammonia to nitrate within 1.5 m of the pavement was observed in both models, but soils in the
Control model were unable to remove the nitrate effectively. Steeper gradients of pH due to
carbonic acid production and DO depletion through the Treatment model highlight the role of
enhanced microbial activity in engineered media to remove nitrate via denitrification. Both
hydraulic and nutrient remediation performance scaled with filter width. Hydraulic testing
indicated that a 6 m-wide VFS provided total infiltration for all but the highest-intensity storm
events (76.2 mm/h and 50.8 mm/h for one-hour durations), where respectively 35% and 22% of
precipitation and inflow runoff did not infiltrate. While most phosphorus was retained within 1.5
m of filter and nitrification of ammonia to nitrate occurred within 3 m of filter, nitrate removal via
denitrification was not observed until infiltrate had passed through a 6 m-wide filter. To ensure
hydraulic and nutrient reduction performance, a minimum 6 m filter width is recommended. The
nitrogen removal performance of engineered media as compared to soils is likely to vary across
different soil types, such that the clear nitrate removal benefit observed in this study may not be
realized in all soil types. Further study is needed to understand where amendment of the local soil
profile with engineered infiltration media will be likely to result in net improvement to stormwater
quality.

2.9
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CHAPTER 3
DYNAMICS OF NUTRIENT DELIVERY FROM
ROADWAY RUNOFF OVER VARIED STORM EVENTS IN NORTHCENTRAL FLORIDA
3.1

Preface

This chapter provides characterization of nutrient load and delivery within roadway runoff
events under different rainfall-runoff conditions. The research reveal how nutrients may deliver
differently under different runoff event types, helpful to design BMPs. The contents of this chapter
are in preparation for submission to the Journal of Hydrology 2.

3.2

Abstract

Roadway runoff can be a major non-point source of nutrients entering surface and groundwater
resources where runoff nutrient load and delivery dynamics can vary site to site, event by event,
and within a single event, and their characterization is important for design of best management
practices (BMPs). The objective of this novel research is to characterize runoff event types
regarding nutrient load and delivery dynamics of total nitrogen (TN), ammonia nitrogen (NH3-N),
and nitrogen oxides (NOx-N) at the event scales over varied storm events. Nine rainfall-runoff
events in different range of rainfall depths, durations, and intensities were collected from two
roadway segments near Silver Springs in Florida for this purpose. Runoff samples were collected
over the events from runoff initiation to the end and then five samples were selected for chemical
analysis representing nutrient dynamics across the events. Multivariate analysis techniques were

Shokri, M; Kibler, K.M., Wang, D; Wanielista, M., under-submission. Dynamics of Nutrient
Delivery from Roadway Runoff over Varied Storm Events in North-Central Florida. Journal of
Hydrology
2

72

applied to get insight into correlation among influential factors affecting nutrient delivery.
Antecedent dry period (ADP) prior to the events and runoff volume were identified respectively
as the most influential factors on runoff nutrient supply and flux delivery. Accordingly, three
runoff event types were discerned: type I (high nutrient supply and high flux delivery), type II (low
nutrient supply but high flux delivery), and type III (low flux delivery). Non-parametric statistical
analysis of nutrient mass delivery suggested a significant difference (p < .05) and greater mass
first flush in type I than type II and III while type III events tend to end-flush nutrient delivery.
The event type approach can resolve the inadequacies of traditional approaches and it is suggested
to be considered for a cost-effectively design of BMP strategies.
Keywords: Roadway, runoff, nutrients, pollution, Silver Springs, Florida

3.3

Introduction

Roadway runoff is a widespread non-point source of contaminates such as nutrients, heavy
metals, sediments, and toxic substances (Hu et al., 2020; Jeong et al., 2020). Degrading water
quality in Florida’s lakes, rivers, and springs such as Silver Springs in Central Florida have
received widespread attentions because of excess nutrient pollution (Heffernan et al., 2010; Hicks
and Holland, 2012; Liao et al., 2019; Gao et al., 2020). Excess nutrients can lead to algal bloom,
ecosystem degradation, loss of biodiversity, and eutrophication in receiving water bodies
(Bouchard et al., 1992; Pitt et al., 1999; Mallin et al., 2009; Suthar et al., 2009; Eller and Katz,
2017). Even though different sources of nutrients are documented including atmospheric
deposition, septic tanks, fertilizers, livestock waste, and wastewater discharges (Badruzzaman et
al., 2012; Eller and Katz, 2017), urban stormwater runoff is a potential source of excess nutrients
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leading to degrading water quality in the state of Florida and the U.S (Abdul-Aziz and Al-Amin,
2016; Trenouth and Gharabaghi, 2016).
Nutrients from impervious road surfaces can be transported to road shoulders during rainfallrunoff events, typically in dissolved and particulate forms with dissolved as the dominant form of
the transportation (Taylor et al., 2005; Wang et al., 2010; Winston and Hunt, 2016; Zhao et al.,
2018). The process leading to runoff nutrient load and dynamic transport over event is complex
because of many influential factors. Runoff nutrient load from roadways usually vary depend upon
rainfall-runoff characteristics including rainfall depth, duration, intensity, antecedent dry period
(ADP), runoff rate and volume and roadway properties (e.g. traffic lines, speed, average annual
daily traffic (AADT), fuel type, and road design), and site specific conditions (e.g. proximate to
traffic lights, stop signs, and nearby land uses) (Miguntanna, 2009; Borris et al., 2014; Horstmeyer
et al., 2016; Trenouth and Gharabaghi, 2016). It is expected that nutrient load gradually increase
from runoff initiation with rainfall depth, considering sufficient rainfall to generate overland flow
(> 0.7 mm, Pappas et al., 2008) and finite nutrient supply (Trenouth and Gharabaghi, 2016). Higher
storm intensity and greater transport capacity can proceed nutrient transportation (particulate form
entrainments) while concentrations may decrease over time due to dilution (Borris et al., 2014). It
is generally a consensus that ADP not only is positively (linearly or nonlinearly) correlated to
runoff pollutant load (Kayhanian et al., 2003; Trenouth and Gharabaghi, 2016), but also
documented as the dominant influential factor on nutrient load (Borris et al., 2014; Trenouth and
Gharabaghi, 2016). However, an opposite correlation was also observed in collected runoff in
some research (e.g. Li and Barrett, 2008) which was attributed to the role of curb structures at the
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road shoulder. Higher pollutant levels were also related to higher annual average daily traffic
(AADT) of roadways (Kayhanian et al., 2012).
Understanding nutrient delivery and dynamic over events is important as most BMPs are
designed based on intercepting a percentile runoff volume (20 to 50%) which delivers the major
pollutant mass (Stahre and Urbonas, 1990; Wanielista and Yousef, 1993; Bertrand-Krajewski et
al., 1998). Such runoff volume with greatest pollutant mass is known as the first flush concept
based on analyzing normalized cumulative pollutant mass and normalized cumulative runoff
volume, so called as M(V) curves (Bertrand-Krajewski et al., 1998; Lee et al., 2002; Miguntanna,
2009; Jiang et al., 2010). However, first flush may not be observed in every runoff event, and
nutrient delivery may vary event to event, site to site, or considered nutrient species or pollutant
type. For example, a small storm event may just consist 20% of a larger event or a pollutant loud
increase at the end of runoff event, so-called as end-flush, as reported for total nitrogen (TN) by
Bach et al. [2010]. Therefore, the M(V) curve analysis, where all events were treated similarly,
was not satisfactory because it disregards the impacts of runoff volume and pollutant type/source
(Bach et al., 2010). A sliced-based approach is proposed by Bach et al. [2010] and endorsed by
some researchers (e.g. Christian et al., 2020). However, the sliced-based approach requires
collecting many continues water quality data (60 seconds), which may not be possible in every
project. Thus, a new complementary procedure is needed to resolve treating and analyzing runoff
events on the M(V) curve approach to systematically inspect nutrient delivery.
Runoff pollutant delivery over roadways depends on two main factors: 1) nutrient supply
which is the sources of accumulating nutrient over surface of roadways, and 2) runoff flow (size
and cumulative volume) to effectively wash off and transport nutrient to roadside, which depends
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on rainfall characteristics including rainfall depth, duration, and intensity (Huber et al., 1988;
Brodie and Egodawatta, 2011; Borris et al. 2014). Considering the two factors, Borris et al. [2014]
specified two transport regimes for pollutant delivery. Transport-limited flow regime, which
usually occur when runoff volume is low because of low rainfall depth and intensity and runoff
may not effectively wash off and transport all available pollutant, leading to excess pollutant load
within runoff volume. However, transport-limited flow regime may shift to a supply-limited flow
regime when runoff volume increase by a certain threshold because of larger rainfall depth and
intensity (Borris et al., 2014). Such transport or supply limited flow regimes were already and well
knowingly applied for interpreting sediment transports in river systems as well (Lane, 1955; Grant
et al., 2003). Defining transition from transport-limited flow regime to supply-limited flow regime
may not be easy for roadway runoff events and require considering runoff, rainfall, and nutrient
variation over events altogether to recognize similar runoff event-types in term of pollutant supply
and flow regimes. Classifying runoff events in term of similar nutrient supply and flow regimes as
a new strategy may fill the knowledge gaps reported to M(V) curve analysis and thus inspect first
flush occurrences among different event types systematically. Accordingly, BMPs can be designed
based on specific and frequent event types, which can wash off major nutrients within lower runoff
volume. Given the complex and many influential factors, multivariate technique based on principal
component analysis (PCA) can be used to detect interrelated correlations among influential factors
on runoff pollutant load and transport conditions (e.g. Huang et al., 2007; Liu et al., 2013; Yang
and Toor, 2017; Sun et al., 2018). Such techniques not only can provide the correlations, but also
provide relative importance of different variables on the process in a graphically manner as the
outcomes for the ease in interpretations.
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The objective of this research is to evaluate dynamic nutrient delivery over roadway runoff
events and inspect how first-flush or end-flush may occur within different runoff event types and
nutrient species. For this purpose, we 1) discern correlations among event mean concentration
(EMC) of nitrogen oxides (NOx), ammonia (NH3), and total nitrogen (TN) in event-scales with
rainfall characteristics to detect the most influential factor(s) on runoff nutrient load, and 2) detect
different runoff event types through a detail correlation analysis of the nutrient concentration
delivery over runoff events with considering cumulative runoff and rainfall characteristics, and 3)
inspect dynamic nutrient mass delivery and first flush or end-flush occurrences over different
runoff event types. This study provides a new strategy and insightful information for analyzing
nutrients delivery over roadway runoff events, an important information to transportation agencies
and any organizations everywhere aimed mitigating impaired roadway runoff to protect water
resources.

3.4

Methodology

3.4.1

Study area

The study area comprises of a section of State Road 40 (West Drainage Area) and State Road
35 (East Drainage Area) in Marion County, Florida, which drain runoff to a stormwater
management basin (Basin 9b), that is located 550 m west of the main vents of Silver Springs
(Figure 8). The climate of the area is humid subtropical with warm, humid summers and mild, dry
winters (Knowles, 1996). Most precipitation (annual mean 1,295 to 1,321 mm) occurs during
summer from June to September (Knowles, 1996; Shoemaker et al., 2004). Convective storms
with frequent low rainfall depths are typical rainfall generation mechanism during summer season
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in the area (Harper and Baker, 2007). The West road (a 340 m section of State Road 40) is a twolane roadway and its approximate drainage area is 0.43 hectare. The East road (a 330 m section of
State Road 35) is a two-way road with approximate drainage area of 0.41 hectare (Figure 8).
Roadway runoff enters the basin into West and East runoff collection areas through West and East
inlets in size of 45.7 cm and leaves the basin through infiltration into a shallow surficial aquifer
(Figure 8, C). The West and East runoff collection areas were constructed each in 111.5 m2 area
with covering sidewalls by impermeable layer (Figure 8, D and E). Two monitoring wells were
installed in West and East runoff collection areas (Well 1 and Well 3) to monitor water level
changes by entering runoff volume (Figure 8, C). In addition, groundwater level was monitored
continuously outside the runoff collection areas (Well 2) as a control site (Figure 8, C). More
information on the structures and purpose of the collection areas can be obtained in Wen et al.
(2020).

Figure 8. Study area: (A) Silver Springs springshed in Florida, (B) location of Basin 9b with respect
to Silver Springs, (C) West and East Drainage Areas and their runoff collection areas with
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including installed three monitoring groundwater wells, (D) construct of runoff collection areas,
and (D) impervious sidewalls of runoff collection areas to prevent lateral flux movement and
provide vertical infiltration.
3.5
3.5.1

Sampling

Runoff sampling, analysis, and event characteristics

Runoff entering the basin was measured and sampled at the West and East inlets over nine
rainfall-runoff events (Figure 8). Runoff was sampled manually at 2-min intervals for the first 10
minutes of runoff, then from 5, 10 to 30 minutes intervals until runoff ended. Five samples from
each event were selected for analysis to represent nutrient dynamics across the event. Non-filtered
samples were acidified with H2SO4 to pH < 2 then analyzed for total nitrogen (TN) and ammonia
(NH3) following SM-21, Sec. 4500 N C and SM-21, Sec. 4500-NH3 G methods, respectively.
Filtered samples were passed through a 0.45 µm filter and analyzed for nitrogen oxides (NOx)
using SM-21, Sec. 4500-NO3 F method. All samples were delivered to the lab within 24 hours of
collection and analyzed in triplicate by a certified laboratory (Environmental Research & Design,
Inc.).
Discrete storm events were defined as a period of continuous rainfall that generates measurable
runoff. Precipitation start and end times were recorded in the field and corresponding precipitation
data were collected from the Silver Springs weather station (Station ID: KFLOCALA105), located
about 1000 m southwest of Basin 9b. Mean rainfall intensity was calculated for each event by
normalizing cumulative rainfall depth by rainfall duration and maximum rainfall intensity was
calculated as well (Brezonik et al., 2002). In addition, 15-min rainfall data (resolution 2.54 mm)
covering the last 30 to 40 years of precipitation were obtained from stations within or proximate
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to the Silver Springs Springshed from NOAA National Center for Environmental Information.
After quality checking the data, relative frequency analysis of long-term data was complete and
cumulative depth of frequency and mean annual number of occurrence based on cumulative depth
were determined for the sampled storm events.
Runoff depths were recorded at 15-min intervals by pressure transducers (TE Connectivity
TruBlue 555 Vented Level Data Logger, 0 – 300 psi, accuracy 0.05%) installed in the monitoring
wells near the West and East inlets in the runoff collection areas (Figure 8 C, Well 1 and Well 3).
Volumes of direct precipitation and evapotranspiration over storm events into/out of collection
areas were small relative to runoff volumes and are thus neglected (Eq. 2 and Eq. 3). Lateral
subsurface outflows from the collection areas are also neglected, given that the impervious
sidewalls precluded lateral flow out of the collection areas. Thus, net vertical groundwater flux
through the media could be calculated using Darcy equation. We apply a mass balance model over
the collection areas, where changes in recorded water level over time (𝛥𝛥ℎ) reflect inflows (runoff
into collection areas) minus outflows (vertical flux) (Eq. 4). Therefore, total volumes of runoff
entering the collection areas (𝑄𝑄𝑡𝑡 ) are estimated as the sum of volume change calculated by 𝛥𝛥ℎ over

the collection area in a given time period and volume of vertical flux over the same time period
(Eq. 5). Vertical outflows were calculated using Darcy Law following the vertical hydraulic
gradient pressure head at each recorded data point with respect to recorded groundwater table
measured in Well 2 by ONSET HOBO Water Level Data Loggers (Eq. 6 and Figure 8 C).
Hydraulic conductivity of the media during the storm events (𝐾𝐾) were determined by the water
level recession rate recorded at the end of runoff. However, during long duration of an event (Event
2 in result section), media could be saturated and led to overestimating vertical flux rate. Thus, we
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applied mean calculated rate of events which occurred quickly as presenting unsaturated hydraulic
conductivity of media during that event.
𝑡𝑡

𝑡𝑡

𝑡𝑡

𝑡𝑡

∫0 𝑄𝑄𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑 = 𝐴𝐴. (𝑃𝑃 + 𝑅𝑅)

∫0 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑 = 𝐴𝐴. (𝐸𝐸𝐸𝐸 + 𝑉𝑉)
𝑡𝑡

∫0 𝑄𝑄𝑖𝑖𝑖𝑖 − ∫0 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 = ∑𝑚𝑚
𝑛𝑛=1 𝐴𝐴. ∆ℎ
𝑡𝑡

∫0 𝑄𝑄𝑡𝑡 𝑑𝑑𝑑𝑑 = ∑𝑚𝑚
𝑛𝑛=1 𝐴𝐴∆ℎ + 𝐴𝐴 ∫0 (𝑉𝑉)𝑑𝑑𝑑𝑑
𝑉𝑉 = 𝐾𝐾

∆𝜑𝜑
∆𝑙𝑙

(2)
(3)
(4)
(5)
(6)

Where 𝑄𝑄𝑖𝑖𝑖𝑖 (𝐿𝐿3 ) is the estimated runoff inflow, 𝐴𝐴 (𝐿𝐿2 ) is the area within the systems, 𝑃𝑃 is the direct

rainfall depth (L), 𝑅𝑅 is the runoff depth measured by pressure transducers (L), 𝐸𝐸𝐸𝐸 is the direct
evapotranspiration depth in from the systems (L), 𝑉𝑉 is the vertical groundwater flux rate through

media (𝐿𝐿𝑇𝑇 −1 ), 𝛥𝛥ℎ (𝐿𝐿) is the positive water level changes (L), and n is the first time interval and

m is the last time interval of runoff inflow over the event, 𝐾𝐾 is the hydraulic conductivity of media
(𝐿𝐿𝑇𝑇 −1), and

∆𝜑𝜑
∆𝑙𝑙

is the vertical hydraulic gradient measured from local water level in the system

with respect to groundwater level (dimensionless).

3.5.2

Runoff nutrient load analysis

Event mean concentrations (EMC) of each nutrient parameter was computed following Eq. 7
(Sansalone et al., 1997). Pollutant concentrations were assumed to change linearly between
collected samples (Bach et al., 2010) and the synoptic runoff samples were applied to represent
chemical concentrations of corresponding portions of the runoff hydrograph. Consequently, runoff
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volumes correspond to each nutrient mass sample portion were determined and EMC were
calculated for the nutrient parameters.
𝐸𝐸𝐸𝐸𝐸𝐸 =

𝑀𝑀
𝑉𝑉

=

𝑡𝑡

∫0 𝑟𝑟 𝑐𝑐(𝑡𝑡) 𝑞𝑞(𝑡𝑡) 𝑑𝑑𝑑𝑑
𝑡𝑡

∫0 𝑟𝑟 𝑞𝑞(𝑡𝑡) 𝑑𝑑𝑑𝑑

(7)

Where M presents cumulative event mass (M), V is the total volume of flow during event (L3), c(t)
is the mean flow weighted concentration of element (M/L3), q(t) is the flow which varies over the
event period (L3/T).
To provide insight into influential processes in nutrient delivery dynamics over storm events,
multi-criteria analysis (using PROMETHEE and GAIA software, Khalil et al., 2004) was
undertaken at two timescales. At the event scale, event-mean storm characteristics including
rainfall depth, intensity, and ADP as actions and mean of EMC of NOx, NH3, and TN for West
and East drainage areas were considered as criteria to understand the relative influence of storm
driving factors on event nutrient EMCs. In the second analysis within events, coupled cumulative
runoff flux and instantaneous concentration measurements were analyzed along with storm
intensity and ADP to more intensively evaluate dynamic processes related to nutrient wash-off and
transport within events. In MCDM analysis, the actions attributed to each criteria in a provided
matrix are pairwise compared and then ranked from the best to the worst action through computing
their different preference flows: positive flow (𝜑𝜑 + ), negative flow (𝜑𝜑 − ), and net flow (𝜑𝜑) (Khalil
et al., 2004; Liu et al., 2013). The positive flow presents how much an action preferred in

comparison to other actions in criteria while negative flow provides how much the other actions
preferred to that specified action and the net flow is the different between positive and negative
flow of the actions. The relationships are graphically presented following PCA describing the
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correlation among criteria and actions, a way to provide insight into detecting major physical
components on nutrient supply and transport capacity of runoff events. In the PCA result, the
vectors with acute angle present correlated variables while in an orthogonal angle indicates
uncorrelated and with an obtuse angle means opposite correlation. To get insight into the behavior
of runoff events with respect to nutrient transport, dynamic nutrient mass delivery with respect to
runoff volume were analyzed through M(V) curve analysis (Lee et al. 2002; Jiang et al., 2010).
The two procedures could provide categorization of runoff event types considering relatively
similar nutrient content and transport. The relative tendency of nutrient delivery in event types was
inspected as nutrient mass first-flush ratio (MFFn) delivered in the first 30% (MFF30) and 50%
(MFF50) of runoff volume (Eq. 8) (Bertrand-Krajewski et al., 1998; Hathaway and Hunt, 2011; Li
et al., 2015; Christian et al., 2020). Where V is the runoff volume (m3) in any defined n percentile
of the total runoff volume (Vtot) (m3).
𝑉𝑉=𝑛𝑛% (𝑉𝑉 )
𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛 = ∑𝑉𝑉=0 𝑡𝑡𝑡𝑡𝑡𝑡 𝑃𝑃𝑣𝑣

(8)

Non-parametric statistical analyses of independent-sample t-test using the Wilcoxon rank sum
test, considering 95% confidence intervals, were completed using SPSS to compare nutrient mass
first-flush ratio at 30% and 50% of runoff volumes between different runoff event types (Christian
et al., 2020). These runoff volume thresholds were considered in accordance to many recent studies
(Stahre and Urbonas, 1990; Bertrand-Krajewski et al., 1998; Bach et al., 2010; Christian et al.,
2020).
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3.6

Results

The sampled storms capture behavior across a range of rainfall-runoff characteristics with
cumulative rainfall depths ranging from 0.2 mm to 22 mm, durations from 5 to 566 minutes, mean
intensities of the events from 0.9 to 73.0 mm/h, and peak intensity from 2.54 to 121.9 mm/h (Table
5). Estimated annual occurrences based on cumulative depth are in range of 3 to 33 times per year
(Table 5). In general, shorter storms produced shorter runoff durations. The ADPs vary in range
of 0.8 to 20.5 days where six of the events have ADP less than 5 days and the rest have longer
ADP preceding the event (Table 5). In general, events with longer ADP produced higher nutrient
EMC and runoff mass load (Table 5 and Table 6). However, there is an event with short ADP
(Event3) which generated low mass but characterized as large nutrient EMCs. In general, West
Drainage Area produced larger EMC and nutrient mass than the East Drainage Area (Table 6).
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Table 5. Rainfall-runoff storm events with estimated runoff volumes from West and East drainage roads to the Basin 9b during
the collected events.
SR 40 (West
SR 35 (East road)
Antecedent
Mean
Peak
Average
road)
Rainfall Rainfall
dry period
annual
Rainfall rainfall
depth
period
Runoff Runoff Runoff Runoff
(days
intensity intensity occurrence
(mm)
(h)
volume
duration volume duration
prior)
(mm/h) (mm/h) (times/year)
(m3)
(min)
(m3)
(min)

Event ID

Date

Event1

Apr 15, 18

22.30

5.03

4.43

121.9

3

5.5

84.4

215

89.9

215

Event2

May 14, 18

8.63

9.43

0.92

3.04

8

20.5

126.7

565

162.3

565

Event3

Jun 21, 18

0.25

0.08

3.13

3.04

33

1.7

0.14

15

0.14

22

Event4

Jul 4, 18

0.76

0.08

9.50

3.04

33

1.3

0.14

15

0.13

20

Event5

Jul 08, 18

1.06

0.50

2.12

2.54

33

0.8

0.70

42

11.6

42

Event6

Jul 18, 18

7.87

0.57

13.81

33.5

8

1.4

50.6

50

34.2

50

Event7

Sep 03, 18

2.79

0.20

13.95

25.4

33

1.0

36.9

34

27.0

34

Event8

Sep 16, 18

6.09

0.08

73.13

60.9

11

2.5

55.3

31

47.9

31

Event9

Sep 26, 18

8.12

1.30

6.25

21.3

8

8.0

55.2

39

49.9

40
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Table 6. EMC values for the analyzed nutrient components over collected storm events from SR40 and SR35 drainage area to
the Basin 9b. Unit is mg/L.

Event 1
Event 2
Event 3
Event 4
Event 5
Event 6
Event 7
Event 8
Event 9

NOx
0.22
0.59
0.60
0.35
0.43
0.24
0.06
0.20
0.15

Mean

0.32

EMC - SR40 Road
NH3
0.16
0.35
0.31
0.10
0.09
0.01
0.03
0.08
0.20
0.15

TN
1.46
2.13
2.75
0.81
0.82
0.57
0.54
0.88
1.73

NOx
0.15
0.47
1.02
0.05
0.05
0.12
0.01
0.12
0.12

EMC - SR35 Road
NH3
0.16
0.10
0.08
0.06
0.05
0.01
0.04
0.08
0.06

1.30

0.23

0.07
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TN
0.68
1.64
2.31
0.42
0.37
0.43
0.44
0.70
0.93

Ratio (SR40 to SR35)
NOx
NH3
1.5
1.1
1.3
3.5
0.6
4.2
7.7
1.5
9.0
1.7
2.0
1.7
5.4
0.8
1.6
1.0
1.3
3.5

TN
2.2
1.3
1.2
1.9
2.2
1.3
1.2
1.3
1.8

0.88

1.4

1.5

2.1

3.6.1

Correlation analysis of storm and runoff water quality

The results of PCA analysis on runoff event-scale indicated that events can be classified into
two categories considering nutrient supply, designated as the orientation of nutrient vectors (Figure
9). Events with positive scores on PC1 have relatively higher nutrient contents while events with
negative scores on PC1 have relatively lower nutrient contents (Figure 9). Strong correlations
among different nutrient species can be inferred, indicated as acute angles among their vectors.
However, correlation between TN and NH3 are nearly complete positive and they are correlated
with ADP and rainfall depth, suggesting ADP and rainfall depth as influential factors on nutrient
supplies and wash off (Figure 9). Though there are correlation among nutrient species, NOx is
uncorrelated with ADP, indicated as an orthogonal angle between their vectors, and likely
suggesting additional source of its supply. Yet, π decision axis is more associated to TN and NH3
rather than NOx, which they are the more influential criterion on overall runoff nutrient loads.
Hitherto, nutrient vectors are negatively correlated with rainfall intensity which suggests decrease
in nutrient load by increase in storm intensity. The data variance (Δ) more than 80% presents that
most of information is incorporated in the analysis (Figure 9). Similar patterns as Figure 8 are
obtained for each individual watershed, which are not shown here.
To discern the impact of ADP on storm nutrient load, concentrations of nutrients in the
collected samples were plotted against instantaneous flow rates (Figure 10). Storm runoff
following longer ADP (e.g. Event2, Event1, and Event9) resulted in high concentrations of TN (
> 1.6 mg/L) during high flow rates (> 1 L/s) while storms with shorter ADP (e.g. Event7 and
Event6) resulted in lower concentrations of TN (< 0.7 mg/L) during the same range of flow rates
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(Figure 10 and Table 5). Same as TN, the highest and lowest concentrations of NH3 and NOx were
observed during storms with longest and shortest ADP (Figure 10). These results confirm ADP as
a nutrient mass supply; however, the role of runoff as a flux transport capacity must be explored
further. The background nutrient concentrations of roadways may be considered as potentially any
concentrations <0.7 mg/L with respect to TN, and <0.1 mg/L for NH3 and NOx species inferred
from boxplot concentration distributions (Figure 10).

Figure 9. GAIA biplot presenting correlation among mean nutrient EMCs of West and east
drainage roads and rainfall characteristics (Δ = 86 %) over collected storm events.
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Figure 10. Concentrations of TN, NH3, and NOx in collected runoff samples against estimated
instant flow rate from the West and East inlets and boxplot of concentration variation among all
events. Note: the same color points are the synoptic runoff samples within a same event.
3.6.2

Runoff nutrient concentrations with correlation to runoff flux and storm properties

To discern the impacts of transport capacity (indicated by runoff volume) on runoff nutrient
delivery, coupled cumulative runoff flux and instantaneous concentration measurements along
with rainfall properties were considered for multi-criteria analysis. For this purpose, criteria were
defined as concentrations of NOx, NH3, and TN of the samples specified as number 1 (runoff
initial) to 5 (runoff tail) with estimated cumulative runoff, rainfall intensity, and ADP. Runoff
events are classified according to nutrient load regime (Figure 11). As presented in GAIA biplot,
positive correlation can be observed among nutrient vectors and they correlate with ADP, similar
as PCA analysis in section 3.1. Projected data on the positive PC1 axis indicates higher nutrient
concentrations while positive score on PC2 indicates increase in runoff volume. Correlation
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between TN and NH3 is higher and while NOx and other two nutrient species are correlated with
ADP in East drainage road, it is not correlated well with ADP in West drainage road (Figure 11).
There is negative correlations among nutrient vectors with cumulative runoff and rainfall intensity,
indicating decrease in nutrient concentrations with increase in stormwater runoff and rainfall
intensity. A decreasing trend in nutrient concentrations from runoff initial to runoff tail can be
concluded for some events (for example, Event1, Event2, and Event9) as imply by large distances
between first and last actions and position of actions with respect to nutrient and flux vectors
(Figure 11). However, nutrient concentration variation through runoff event was insignificant in
limited runoff flux events (for example, Event3, Event4, and Event5) as designated by clustering
actions on negative PC2 axis (Figure 11). This result suggest variation in nutrient delivery regime
in different types of runoff events under the control of available nutrient supply and transport
condition.

Figure 11. GAIA biplot of the correlation among concentrations of TN, NH3, and NOx in
collected runoff samples indicated as number 1 (initial runoff) to number 5 (runoff tail)
considering estimated cumulative runoff (CR), average rainfall intensity (RI), and antecedent dry
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period (ADP) from the SR40 (A) (Δ = 72.8) and the SR35 (B) (Δ = 67.1). Note: Event 3 has four
analyzed samples.
The role of transport capacity may be more illustrated by comparing nitrogen delivery patterns
in events with similar nutrient supply (similar ADP) but different transport capacity. For example,
though Event1 and Event9 had similarly moderately high nutrient loads and high transport
capacities, the peak flow rate of Event1 was roughly double that of Event9, and maximum rainfall
intensity was approximately five times that of Event9, suggesting that Event1 had more capacity
to mobilize and transport different forms of nitrogen (e.g. organic and inorganic nitrogen, dissolve
and particulate loads). Both Event1 and Event9 had similar moderately high ADP, suggesting
similar available nutrient loads for transport. While actual nutrient concentrations are not
appreciably different, the two events present different nutrient delivery patterns with respect to
different nitrogen species. For example, percent variation in concentrations of NOx (filtered) and
NH3 (unfiltered) over runoff transport varied with same pattern and similarly over high intense
runoff of Event1 while that varied antithetical in smaller runoff and lower intense storm of Event9
(Figure 12).

Figure 12. Percent variation in nutrient concentrations of collected samples over cumulated
runoff in Event1 and Event9. Note: percent variation is calculated at each sampling based on
concentrations of previous sample and so it could not be calculated for the first sample.
91

3.6.3

Runoff event type

Three runoff event types are discerned considering dominant physical components regulating
nutrient load: nutrient supply and capacity of storm runoff flux to transport (Figure 13). Type I
events which have relatively high nutrient supply and high transport capacity, type II events that
have relatively low nutrient supply but high transport capacity, and type III events which have low
transport capacity (either high or low nutrient supply) (Figure 13). The type I events are
characterized by long ADP (> 5.5 days) and high runoff volume (> 50 m3) while type II and III are
characterized by short ADP (< 2.5 days) but higher runoff volume in type II (27 < R < ~50 m3)
than type III (< 11 m3) (Table 5).
This presented runoff event type model is obtained from the PCA results that could discern
relatively similar runoff events in terms of available nutrient supply and flux transport capacity
with revealing similarity or difference of supply source for different nutrient species (Figure 11).
This event type approach can resolve the problem associated to the traditional M(V) curve
approach which disregarded the impacts of runoff volume and availability of nutrient supply (Bach
et al., 2010). Since the runoff event type approach here confirms the major similarity of supply
source for the considered nutrient species, M(V) curve analysis can be done for the species together
in each runoff event type.
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Figure 13. Different types of runoff event in term of nutrient supply and flux delivery conditions
from roadways.
3.6.4

Mass nutrient and runoff volume event

The M(V) curves analyses indicated nutrient mass exceedance to runoff volume mostly over
type I events rather than types II and III (Figure 14). Nutrient mass first-flush ratio is greater in the
order of type I > type II > type III (Figure 14). For example, 50% of runoff volume in type I events
can approximately deliver 0.50 to 0.70% of nutrient mass supply while that is about 0.43 to 0.60%
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in type II events (regardless of observed unusual NOx) and only about 0.37 to 0.63% in low
transport capacity of type III events (Figure 14 and Table 7). The Wilcoxon rank sum test indicated
a significant difference and greater first flush at MFF30 in type I than type II (Z = -2.26, p <0.05)
and type III (Z= -3.25, p <0.001) (Table 8). Similarly, there is a significant difference and more
nutrient mass delivery in type I rather than type II and III at MFF50. However, there is not a
statistically difference in nutrient delivery between type II and III (Table 8).

Figure 14. Normalized cumulative mass against normalized cumulative runoff of nutrients over
different roadway runoff event types.

Table 7. Summary statistics of nutrient delivery considering MFF30 and MFF50 including
maximum, minimum, mean, median, and percent relative standard deviation (RSD) of the event
types.

Max
Min
Mean
Median
RSD (%)

Type I
0.52
0.28
0.38
0.38
16.2

MFF30
Type II
0.41
0.24
0.33
0.35
16.1

Type III
0.43
0.16
0.29
0.31
21.9
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Type I
0.69
0.49
0.57
0.58
10.3

MFF50
Type II
0.60
0.43
0.51
0.51
10.6

Type III
0.62
0.38
0.49
0.51
13.2

Table 8. Independent-sample t-test (95% confidence interval) for nutrient mass first-flush ratio at
30% (MFF30) and 50% (MFF50) between different runoff event types. Bolded and italic values
are statistically significant.
MFF30

MFF50

p

Z

p

Z

Type I vs. Type II

.023

-2.267

.008

-2.648

Type I vs. Type III

.001

-3.250

.001

-3.313

Type II vs. Type III

.098

-1.653

.380

-0.878

3.7

Discussion

BMP nutrient removal strategies can be designed cost-effectively based on a specific runoff
event types that can wash off nutrient and decrease concentrations to a background level. Among
the detected event types, type I events provide the most reliable information for designing
remediation strategies. Nutrient exceedance to runoff volume in type I events indicated first flush
occurrences (Lee et al., 2002), and deliver nutrient over early part of runoff events. However, type
II events with low ADP, and most likely low nutrient mass over road surfaces than typical runoff
events, may not be appropriate to be considered for BMP remediation strategy designs. The type
III events with low transport capacity, regardless of ADP condition for low or high nutrient mass
supply, may not potentially be capable of washing off available nutrient mass from surface of
roadways. Due to low transport capacity, type III events, may deliver a greater nutrient mass over
runoff tail and thus present end-flush occurrences. This phenomenon by nature confirms the
weakness of runoff flux to wash off nutrients and thus treatment systems should not be designed
based on such a type of events. As type III events are mostly observed with low runoff volume and
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short runoff duration, which is in agreement with the detected storm events (Table 5) (Lee et al.,
2002).
The calculated mean EMC for TN in West (1.3 mg/L) and East (0.88 mg/L) drainage roadways
in this research are comparable and in agreement with reported mean EMC of TN for many
roadways in Florida (1.56 mg/L) by Harper et al. (2007). Mean EMC of TN is also in agreement
with that reported for many roadways in North Carolina, California, and Minnesota (Driscoll et
al., 1990; Thomson et al., 1997; Barret et al., 2004; Kayhanian et al., 2007; Winston et al., 2012;
Winston and Hunt, 2016). However, mean EMC of NOx (0.28 mg/L) hereby is lower than mean
NOx concentrations (0.62 mg/L) reported for same roadways in the mentioned states. The observed
high EMC of nutrients in low transport capacity of Event3 is in agreement with the statement
provided by Bach et al. (2010) where low transport capacity events may present constant
contaminant concentrations with high EMC.
ADP was detected as the most influential factor of runoff nutrient supply based on the PCA
analysis. The detected strong correlation between ADP and runoff nutrient load is in agreement
with analyzed roadway runoff in Colleague Station in Texas reported by Li and Barrett, (2008)
which indicated ADP as the most significant predictor of runoff pollutant loads and positively
correlated with AADT as well. However, uncorrelated relationship between ADP and runoff
nutrient load is also reported for some collected roadway runoff (e.g. Irish et al., 1998; Liu et al.,
2013). The higher ratio of nutrient EMCs and mass delivery in West drainage road than that in the
East drainage road (Table 6) are in correlation with the higher AADT of the West road (mean
20,570 ± 514 for 2013-17) to that for the East road (mean 13,500 ± 770 for 2013-17). These
findings are in agreement with the observed general increase in runoff nutrient contents with an
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increase in the level of AADT in California roadways (Kayhanian et al., 2003). These observations
suggest that ADP and AADT have important roles in roadway runoff nutrient load and with
increase in both, higher background nutrient over surface of roadways should be expected that
most be considered in analysis from site to sites.
The impact of rainfall intensity on runoff nutrient load may be more complex to be explored
only by the PCA analysis. For example, no relationship was observed between rainfall depth and
intensity with nutrient transport from street runoff catchments in Tampa Bay, Florida (Yang and
Toor, 2017). However, a strong positive correlation was observed between rainfall intensity and
TN load in the work of Liu et al. (2013). In another research, Egodawatta et al., (2007) pointed out
a step-wise function based on rainfall intensity threshold between rainfall intensity and nutrient
transport and Liu et al., (2013) stated rainfall intensity larger than 20 mm/h can transport more
nutrients due to their relatively higher kinetic energy. However, research conducted by
Miguntanna (2009) indicated higher nutrient transport in lower intensity rainfalls than higher
intensity ones. These variations suggest the complex role of rainfall intensity on runoff nutrient
load and further research may be needed.
It must be noted that in addition to nutrient supply and flow conditions, other factors (e.g.
preferential transport way and rainfall intensity) may influence on nutrient delivery at a lower
level. For example, TN and NH3 behave similarly as the highest and lowest mass delivery were
detected, respectively, during high nutrient and high flux of Event2 (type I) and low nutrient and
high flux of Event6 (type II), while NOx exhibits a different behavior (Figure 10). The
concentrations of NOx in Event6 was greater as compared to NH3 and TN among the events (Figure
10). The observed difference may be associated to differential transport pathways of different
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nitrogen species. Non-filtered samples (TN and NH3) will include nutrients sorbed to sediment
particles while filtered samples (NOx) will reflect only dissolved constituents. The different
transport with including likely spatial variation may be the reason for the observed larger ratio of
EMC for NOx in the West drainage area than the East drainage area during small frequent storms
of Event4, Event5, and Event 7 (Table 6). The deviation of behavior was also evident in the PCA
analysis, indicated as a stronger correlation between TN and NH3 in the West drainage area and
not correlated well with the NOx subspecies in comparison to the East drainage area (Figure 9).
Moreover, the observed stronger first flush during Event9 but faster occurrences over Event1 may
suggest the impact of rainfall intensity and likely tendency to deliver nutrient components sorbed
to particulate forms (TN and NH3) over higher rainfall intensity of Event9 than delivery in
dissolved form over lower rainfall intensities of Event1.
Even though drainage areas leading to West and East inlets were similar in size and land cover,
events of similar rainfall magnitude often produced different runoff responses. For example, while
cumulative rainfall depth is comparable between storms in Event2 and Event6, peak intensity was
much greater during Event6 (11 mm/h) as compared to Event2 (1.6 mm/h), producing very
different runoff signatures. Despite similar recorded rainfalls, these two events produced very
different cumulative runoff volumes (Table 5). This discrepancy here indicates the great
uncertainty in extrapolating precipitation estimates based on point measurements to watershed
scales, especially during small-scale convective storms. The high spatial variability of precipitation
is also evident in storm on Event5, as much greater runoff is produced from the East drainage area
(11.6 m3) as compared to the West drainage area (0.7 m3), despite similar watershed areas.
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Nevertheless, further research should consider collecting more runoff events in different
locations for comparison. Analyzing frequency of runoff event types should be conducted by
collecting more runoff events before design of BMPs. Detailed analysis considering particulate
form of nutrient delivery related to temporal variation of rainfall intensity and runoff flow
conditions would be help to get further insight into dissolved and particulate form of delivery.
Next research may consider analyzing initial background nutrient concentrations and
concentrations after storms to ensure sufficient wash off by runoff events. Detailed DO/redox
analysis and pH variation over storm events provide better understanding of the mechanism of
nutrient delivery variation over events.

3.8

Conclusion

This research-field study characterized roadway runoff nutrient delivery in event-scale over
different storm events. In overall, 18 rainfall-runoff events were collected from two roadway
catchment areas, which deliver roadway runoff to a stormwater basin near Silver Springs, Florida.
Each rainfall-runoff event was monitored through analyzing dynamic nutrient delivery of NH3-N,
NOx-N, and TN concentrations using five synoptic water samples from runoff initiation to the end.
Multivariate analyses considering rainfall characteristics, runoff volume and rate, and dynamic
nutrient concentrations indicated that storms following long dry periods produced greater
concentrations of nitrogen, reflecting greater mass loads on the roadways. Runoff events with
greater volume (> 50 m3) could wash off and decrease nutrient concentrations to an estimated
background concentration, identified as high transport flux capacities. Three types of runoff event
were discerned considering dominant physical components on runoff nutrient loads: ADP and
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transport capacity. Runoff events with high ADP (> 5.5 days) and high transport capacities (type
I) presented greater mass first flush than runoff events with either low ADP (<2.5 days) and high
transport capacity (type II) or low transport capacity events (< 11 m3) (type III). The presented
runoff event type approach could resolve the inadequacies of traditional approach of analyzing
nutrient mass delivery. While this research can be improved through collecting low temporal
resolution runoff quality data, it is suggested that runoff event type approach to be considered for
design of remediation strategies.

3.9
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CHAPTER 4
CONTAMINANT TRANSPORT FROM STORMWATER
MANAGEMENT AREA TO A FREASHWATER KARST SPRING IN
FLORIDA: RESULTS OF NEAR-SURFACE GEOPHYSICAL
INVESTIGATION AND TRACER EXPERIMENTS
4.1

Preface

This chapter describes the configuration of karst condition under stormwater management
areas and how potentially contaminated stormwater may move from stormwater management area
to and within karst aquifers near Silver Springs. The contents of this chapter are under review at
the Journal of Hydrology: Regional Studies 3.

4.2

Abstract

Silver Springs is a karst spring in north-central Florida. As landuses in the springshed have
urbanized in recent decades, concentrations of contaminants, including nitrate, have increased in
spring water, causing environmental concerns. Pathways of groundwater movement from
stormwater management areas to Silver Springs were investigated using ground-based geophysical
surveys (ground penetrating radar and frequency domain electromagnetics) accompanied by tracer
tests in the Upper Floridan Aquifer (UFA) and surficial aquifer. Results indicated heterogeneous
near-surface and deep karst conditions, where stormwater runoff may be transported quickly
through groundwater to the spring. A wide range of groundwater velocities (10-6 to 10-3 ms-1) were
observed in the surficial aquifer, where faster flow speeds were associated with subsurface

3

Shokri, M.; Gao, Y., Kibler, K.M., Wang, D; Wanielista, M., Wightman, M.J., Rice, N., under-

revision. Contaminant transport from stormwater management areas to a freshwater karst spring
in Florida: results of near-surface geophysical investigations and tracer experiments. Journal of
Hydrology: Regional Studies.
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anomalies and preferential flow. However, tracer injected into the UFA was observed in the spring
hours later, suggesting possible maximum groundwater velocities on the order of 10-1 ms-1 in the
karst aquifer. Series of tracer pulses in the spring highlight the complexity of flow pathways to
Silver Springs. Aquifer dispersivity was estimated to be 1.8 m. The rapid transport of tracer from
stormwater basins to Silver Springs suggests that stormwater infiltration basins may be hotspots
for potential aquifer and spring contamination in karst areas. Development of stormwater best
management practices (BMPs) that integrate heterogeneous karst transport processes may enhance
spring and groundwater quality in Silver Springs and other karst regions.

4.3

Introduction

Karst aquifers are important resources of fresh water characterized by specific geologic and
hydrogeologic conditions (Ford and Williams, 2013; Ficco and Sasowsky, 2018; Goldscheider et
al., 2020). Within karst aquifers, surface and underground openings (e.g. sinkholes and conduits)
are formed by the dissolution of karstic rocks (limestone and dolomite) and groundwater flows
within a heterogeneous system governed by the combination of matrix porosity, fracture porosity,
and conduit porosity (Shuster and White, 1971; White, 1998; Bakalowicz, 2005; Hartmann et al.,
2014; Yang et al., 2019). The rock dissolution and flow heterogeneity can render groundwater
susceptible to surface contamination, particularly where karst features are exposed at the surface,
or where surface soils are thin and the groundwater table is shallow (Stephenson et al., 1999; Katz,
2001; Zhou and Beck, 2005; Shokri et al., 2016; Katz, 2019). For example, since the 1960s
nitrogen concentrations have steadily increased in Silver Springs, a first-magnitude karst spring in
north-central Florida discharging water from the Floridan aquifer system (FDEP, 2006, 2012;
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Hicks and Holland, 2012). The increase in nitrogen concentration has been attributed to increases
in urban, residential, and agricultural land uses in the springshed (Heffernan et al., 2010; Yang et
al., 2019; Gao et al., 2020). Increase in nitrogen concentration can cause water quality degradation,
algal blooms, and eutrophication (Eller and Katz, 2017; Glibert, 2017).
Given the unique hydrogeology of karst areas, where groundwater flows may be orders of
magnitude higher than in alluvial aquifers (Kačaroğlu, 1999), contaminant transport from the
surface to and within karst aquifers may be rapid (Worthington and Ford, 2009; Husic et al., 2020a
and b). For example, average groundwater velocity in Dinaric karst was measured in the range of
1.7 to 47,500 m/d (Milanovic, 1981; Kačaroğlu, 1999) and as 5,280 m/d in a travertine karst aquifer
in Antalya, Turkey (Günay and Ekmekçi, 1997). By contrast, groundwater velocity is typically
less than 1 m/d in alluvial aquifers (Matthess and Pekdeger, 1985; Essouayed et al., 2019). High
groundwater velocities in karst systems may influence subsurface biogeochemical processes by
limiting opportunity for biogeochemical transformation and nutrient uptake, producing high
nutrient concentrations at discharge points (Puckett and Cowdery, 2002; Dubrovsky et al., 2010).
Conservative tracers can provide information about hydraulic connections between injection and
monitoring points, allowing for estimation of aquifer characteristics and residence time
(Kačaroğlu, 1999, Corbett et al., 2000; Flury and Wai, 2003; Worthington and Soley, 2017; Aley,
2019, Lauber et al., 2014). Analysis of breakthrough tracer curves can also provide knowledge
about potential dispersivity of contaminants in an aquifer (ex. Geyer et al., 2007; Massei et al.,
2006; Morales et al., 2007; Goldscheider et al., 2008). Further, ground-based geophysical
techniques including ground penetrating radar (GPR) and electromagnetic (EM) response can
detect subsurface preferential flow paths in karst regions (Militzer et al., 1979; Smith, 1986; Butler,
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1984; Doolittle and Collins, 1998; Ahmed and Carpenter, 2003; Jardani et al., 2007; Zhu et al.,
2011; Chalikakis et al., 2011).
While management of non-point source contamination in karst aquifers requires a basinwide
approach, stormwater infiltration areas may be locations of particular vulnerability, as diffuse
pollutants are concentrated to these locations during runoff events (Weiss et al., 2008; Moore and
Beck, 2018). The typically thin surface soils found in epikarst of well-developed karst areas may
allow contaminated surface water, such as urban stormwater runoff, to discharge into groundwater
through open sinkholes or infiltrate relatively quickly through subsurface karst features and
fractures, potentially limiting the effectiveness of stormwater management basins in attenuating
contaminants (Byle, 2001; Behroozi, 2019). For example, stormwater management basins are
typical stormwater best management practices (BMPs) applied in karst areas of Florida and must
be permitted as meeting specific design and performance standards to guarantee water quality and
quantity requirements of the stormwater management system (e.g. Harper and Baker, 2007; ERP,
2013). However, even though geometric designs, minimum infiltration rates and vadose zone
capacities are specified (e.g. retention basins should infiltrate runoff within 24 to 72 hours of event,
should have minimum unsaturated subsurface storage 0.3 to 1 m above the seasonal groundwater
table, and side-slopes should not be steeper than 3:1), the presence of subsurface anomalies and
sinkholes may increase expected infiltration rates and negatively influence treatment performance.
A better understanding of how stormwater management basins function within karst areas can help
establish better strategies for stormwater management, groundwater protection, and water quality
restoration. To address these research gaps and provide guidance for stormwater runoff
management, the objective of this research is to characterize subsurface conditions in stormwater
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management basins within the Silver Springs springshed and to observe travel times of shallow
and deep groundwater flow from stormwater management basins to surface discharge in Silver
Springs. This study is one of the first to directly investigate how stormwater may be transported to
and within karst aquifers, which is important information for water resources managers aiming to
protect or remediate water quality in karst regions.

4.4

Methodology

4.4.1

Study area

The Silver Springs springshed (approximately 2,362 km2) discharges groundwater to Silver
Springs, one of the largest karst springs in Florida (Knowles et al., 2010; German 2010) (Figure
15). Silver Springs is located 10 km east of the city of Ocala and forms the headwaters of the Silver
River, where flow gauged at the Silver River monitoring station (USGS 02239501) represents
combined discharge from multiple spring vents. The climate of north-central Florida is humid
subtropical with warm, rainy summers (June to September) and mild, dry winters with mean
annual precipitation and temperature of about 1,520 mm and 22 °C, respectively (NOAA, 2017).
The mean annual groundwater discharge (1933–2007) from Silver Springs is about 22.7 m3/s,
mainly supplied by the Upper Floridan Aquifer (UFA), which is a sequence of thick (300 – 460
m) eogenetic karst (Phelps, 2004; Phelps et al., 2006; Knowles et al., 2010). The majority of
groundwater flow in the UFA (about 86%) occurs in the top 30 m of the aquifer, which is a granular
limestone and the dolomite formation of Ocala Limestone (Upper Eocene) (Faulkner, 1970;
Knowles et al., 2010). The UFA is separated from a perched surficial aquifer (Pliocene to
Holocene) by a semi-confining unit of interbedded quartz, sand, silt, and clay of the Hawthorn
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Group (Miocene) (Knowles et al., 2002; Phelps, 2004). The surficial aquifer consists of sand, silty
sand, to clay sediments of varied thickness and may be locally absent where carbonate rocks are
exposed (Phelps, 2004; Knowles, 1996). Geomorphologically, the Silver Springs springshed has a
low gradient (55 m of relief), and the lowest elevation corresponds to the location of main Silver
Springs vents, forming a local base level for groundwater. The dissolution of karst rocks has
resulted in numerous shallow sinkholes, depressions and fractures distributed around Silver
Springs (Faulkner, 1970; Phelps, 2004).
Three study areas (Basins 1-3) within the Silver Springs springshed were chosen, forming a
transect across the springshed in the direction of expected prevalent groundwater flow (west to
east, Figure 15, Table 9). The study areas are all dry stormwater management basins where
stormwater runoff from surrounding roadways drains into the basins and infiltrates to recharge the
groundwater system through basin soils. Basin 1 (29º12’55” N and 82º03’30” W) is owned and
managed by Florida Department of Transportation and Basins 2 (29º12’06” N and 82º05’01” W)
and 3 (29º11’57” N and 82º05’53” W) are managed by the City of Ocala. Bore-hole data obtained
in the basins indicated the existence of a surficial aquifer consisting of unconsolidated sand and
silty sandy soil from the surface to about 3 m depth, a consolidated semi-confining unit of quartz,
sand, silt, and clay of from 3 to 6 m depth, and limestone below 6 m (Kibler et al., 2020). Several
sinkholes had been reported in Basins 2 (eleven) and 3 (fourteen) (Florida Department of
Transportation, 2019) (Figure 1 B). The presence of these known sinkholes indicates that these
basins may be potential hotspots for groundwater contamination. Basin 1 was chosen for study due
to its proximity to the main vents of Silver Springs. During initial field surveys, three sinkholes
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were observed in Basin 2 (including a large open sinkhole) and two sinkholes were observed in
Basin 3, including a large collapsed sinkhole and a deep small soil pipe (Figure 16).

Figure 15. Silver Springs location in Florida (A), stormwater retention basins investigated with
respect to the Silver Springs main vent and Silver River monitoring station (B).
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Table 9. Study basin characteristics and near-surface anomalies detected by GPR survey.
Basin 1
29º12’55” N
82º03’30” W
13.0

Basin 2
29º12’06”N
82º05’01”W
13.4

Basin 3
29º11’57” N
82º05’53” W
17.0

Basin area (ha)

1.56

2.45

1.56

Distance to Silver River station (m)

1600

4100

5800

53

1

64

0.5 to 6.7

6

0.6 to 6

Latitude and longitude
Elevation at bottom of basin (m a.m.s.l)

Number of anomalies detected
Anomaly depth (m)

Figure 16. Open and collapsed sinkholes in Basins 2 and 3, observed during field surveys.
Runoff was observed directly discharging into the local surficial aquifer through the open
sinkhole in Basin 2. Photos were taken in Feb 2019 by Mohammad Shokri.

118

4.4.2

Experimental procedure

4.4.2.1 Geophysical surveys
The subsurface of study areas was characterized to a maximum depth of 15 m below surface
using two geophysical methods, GPR and EM. GPR was performed using a GSSI SIR 3000 with
a 270 mega-Hertz (MHz) antenna using 512 samples per scan. The GPR was used to detect
subsurface geological features (anomalies) to depths of 6 to 6.7 m that could be related to
development of buried karst features. GPR data were collected on 3-m grids across each site using
a time range setting of 110 nano-seconds (ns) for Basin 1 and 150 ns for Basins 2 and 3. EM data
were collected over 6 m transects using a Geonics EM34-3 with a 10 m coil separation. The EM
responses were used to understand the spatial variation of subsurface conductivity across the
basins, where areas of low signal conductivity typically represent higher hydraulic conductivities
(Chalikakis et al., 2011). The EM data were collected using both a vertical coplanar (horizontal
dipole) and horizontal coplanar (vertical dipole) coil configurations, providing an effective
exploration range of 7.5 m and 15 m, respectively (McNeill, 1980).
Based on results from the GPR survey and severe anomalies, a transect of monitoring wells
was established across 5 km of the springshed, establishing one well in each Basin 1 to 3. The 10
cm diameter wells were installed to depths that allowed tracer injection directly into the UFA (6.0
m in Basin 1 and 7.6 m in Basins 2 and 3, Figure 15 and Figure 17). In addition to the monitoring
wells installed in the UFA (hereafter ‘deep’ wells), a network of 12 relatively shallow (3.0 m
depth) monitoring wells (hereafter ‘shallow’ wells) was installed within the surficial aquifer of
Basin 1 (Figures 1 and 3). Groundwater level was monitored continuously (15 min interval) in the
surficial aquifer of Basin 1 in well 7 over the first tracer experiment using pressure sensors
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(ONSET HOBO U20 and U20L) installed at the ground surface and at a depth of 3 m. Groundwater
level was measured in the deep wells at the start of the second tracer test. Inflow runoff volumes
from the roadway into Basin 1 were determined from pressure transducers installed in stilling wells
near runoff inlets (Wen et al., 2020). Groundwater discharge at Silver Springs was obtained from
the USGS Silver River monitoring station.

4.4.2.2 Tracer tests
Tracer experiments were undertaken under natural flow field conditions to evaluate
groundwater flow in the surface aquifer in the vicinity of Silver Springs and in the UFA across a
section of the Silver Springs basin. To characterize shallow groundwater flows in the vicinity of
Silver Springs, approximately 7.0 kg of Rhodamine WT (RWT) was injected on July 25, 2017 into
the surficial aquifer from Well 0 in Basin 1 (Figure 17), followed by 1,420 L of water at a rate of
0.25 Ls-1. RWT tracer was monitored within the shallow well network in Basin 1 and at the Silver
River station, located approximately 1.7 km from the injection point and 1.1 km from the main
Silver Springs discharge vent (Figure 15). The tracer was assumed to travel from the injection
point to the main Silver Springs vent (Mammoth Spring) and then flow in the Silver River as open
channel flow to the Silver River station. Groundwater from the wells and spring water samples
(200 mL) were collected with hand pumps and portable pump samplers (Sigma 900Max) and
tested in triplicate for mean tracer concentration over a period of 9 months following tracer
injection. Water samples were collected at short intervals (every 1 – 2 hours) immediately after
tracer injection and gradually increased (to once a day and once a week) as time progressed from
the time of injection.
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Figure 17. Locations of tracer injection and monitoring wells established in surficial aquifer in
Basin 1.
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When RWT was no longer detectable in Silver Springs (nearly 2 years after first tracer
injection), a second tracer test was undertaken at the springshed scale. Three tracer dyes with
distinctive emittance, RWT, Eosine (Eos), and Fluorescein (Fl) (OZARK Underground Lab, Inc.),
were injected into the UFA through the deep monitoring wells (Figure 15). Tracers (11.3 kg of
RWT, 13.6 kg of Eos, and 11.3 kg of Fl) were diluted with water (1:5) before simultaneous
injection into deep wells in Basins 1, Basin 2, and Basin 3 on May 22, 2019, followed by flushing
with 1,130 L water (Figure 15). Groundwater and spring water samples were collected regularly
from deep wells in Basins 1 and 2 and from the Silver River monitoring station and tested for
tracer concentration over a period of 9 months from tracer injection. Sampling started at 1 h
intervals at the time of tracer injection and increased to 3.5, 10, and 24 hr intervals.
All tracer samples were kept in dark cool conditions (< 5 °C) and tracer concentration was
measured in triplicate after filtration through a 0.2 micron nylon membrane. Concentrations of
RWT and Fl were measured using two absorbance channels of an AquaFlour handheld fluorimeter
while Eos concentrations were measured using a RF 5000 spectrofluorophotometer (Farmer and
Blew, 2010; Aley and Beeman, 2015; Aley, 2019). All readings were converted to ppb equivalents
using calibration curves created using standard solutions of known concentration for each tracer.

4.4.2.3 Analysis methods
GPR data were processed using Radan 7 software and adjustments were made to remove airground contacts in order to provide an accurate estimation of the depth to GPR signal reflectors.
A dielectric constant of 6 was chosen for the analysis, which is appropriate for semi-saturated
sandy sediments in Florida. GPR anomalies were identified based upon the localized increase in
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penetration depth and amplitude of the GPR signal at depth relative to the surrounding areas. EM
transects were interpolated to contour maps of conductivity using Kriging geospatial methods. The
GPR and EM results were compared qualitatively to detect convergence in conductivity gradients
and locations of subsurface anomalies, which guided the placement of monitoring wells.
Maximum and average pulse groundwater velocities were estimated, based respectively on the
first arrival time of tracer after injection (Knochenmus, 1967; Taylor and Greene, 2008; McGurk
et al., 2012) or the time of peak tracer concentration (Knochenmus, 1967; McGurk et al., 2012;
Yang et al., 2019). Groundwater velocity was estimated considering the straight-line distance
between injection and monitoring points (𝐿𝐿), and the time (t) elapsed from tracer injection to the
detection of tracer above background (to estimate maximum velocity, 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 ) or the time of peak

concentration (to estimate average pulse velocity, 𝑣𝑣). Hydraulic gradient was estimated

considering the water table elevation difference and distance between monitoring wells and the
local base flow level in Silver Springs main vent. Using the maximum observed groundwater
velocity, Reynolds number (𝑅𝑅𝑒𝑒 ) was estimated (Equation 9) (Czachor, 2011), where 𝜌𝜌 [M L-3] and

𝜇𝜇 [M L-1 T-1] are the density and dynamic viscosity of water, 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 [L T-1] is the maximum observed
groundwater velocity, 𝑑𝑑 and 𝜃𝜃 are the pore diameter [L] and porosity [L L-1] (respectively 0.5 mm
and 0.3 for sandy soil).

𝑅𝑅𝑒𝑒 =

𝜌𝜌𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑

𝜇𝜇(1−𝜃𝜃)

(9)

The breakthrough curve of RWT in the Silver River station indicated a positive skewness
which could possibly be a result of non-equilibrium effects created by immobile-fluid regions
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(Field and Pinsky, 2000; Goldscheider, 2008). To estimate dispersivity in such a case, a two-region
non-equilibrium transport model was fit to the RWT breakthrough curve (Equations 10 and 11).
𝜷𝜷𝜷𝜷

𝝏𝝏𝑪𝑪𝟏𝟏
𝝏𝝏𝝏𝝏

𝑫𝑫 𝝏𝝏𝟐𝟐 𝑪𝑪𝟏𝟏

= 𝒗𝒗𝒗𝒗

𝝏𝝏𝝏𝝏

−

(𝟏𝟏 − 𝜷𝜷)𝑹𝑹

𝝏𝝏𝑪𝑪𝟏𝟏
𝝏𝝏𝝏𝝏

𝝏𝝏𝑪𝑪𝟐𝟐
𝒕𝒕′

− 𝝎𝝎(𝑪𝑪𝟏𝟏 − 𝑪𝑪𝟐𝟐 ) − 𝝁𝝁𝟏𝟏 𝑪𝑪𝟏𝟏

= 𝝎𝝎(𝑪𝑪𝟏𝟏 − 𝑪𝑪𝟐𝟐 ) − 𝝁𝝁𝟐𝟐 𝑪𝑪𝟐𝟐

(10)
(11)

where, 𝐷𝐷 [L2 T-1] is longitudinal dispersion coefficient, 𝑣𝑣 [L T-1] is the pulse velocity, estimated

from the timing of tracer peaks, 𝐶𝐶1 [Dimensionless] and 𝐶𝐶2 [Dimensionless] represent volume-

averaged solute concentrations in the flowing and stagnant regions, respectively, and 𝜇𝜇1 and 𝜇𝜇2

refer to dimensionless solute decay in equilibrium and non-equilibrium regions, respectively (Field
and Pinsky, 2000). 𝑡𝑡′ and 𝑍𝑍 are dimensionless time and space variables, respectively. The partition
coefficient 𝛽𝛽 describes the proportion of mobile water (0 < 𝛽𝛽 < 1), where high values indicate a

high proportion of mobile water affecting solute transport and R is adjustable model parameter
(Field and Pinsky, 2000). The mass transfer coefficient 𝜔𝜔 describes exchange between the two

fluid regions (𝜔𝜔 > 0), where high values mean intense mass transfer between two fluid regions.

Equations 2 and 3 were solved numerically using the QTRACER2 program and the model was
fitted following Toride et al., (1999) and EPA, (2002). For this estimation, 297 data points were
applied.

4.5
4.5.1

Results

Geophysical surveys

GPR data detected many subsurface anomalies at depths ranging from 0.5 to 6.7 m below the
local surface in the basins (Table 9). Respectively 53 and 64 near-surface anomalies (potential
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karst features) were detected in Basins 1 and 3 (detailed locations can be obtained in supplementary
kml file). The GPR profiles suggest wide and relatively deep anomalies, potentially due to
sediment depression in surficial aquifer due to water percolation (Figure 18). The spatial
distribution of detected anomalies in Basin 3 correlated well with the locations of the reported and
observed sinkholes (Figure 15 and Figure 19). Despite the presence of reported and observed
sinkholes in Basin 2, only one minor near-surface anomaly was detected by GPR (Figure 19 C and
D and Table 9). Observed sinkholes and GPR anomalies were found within regions characterized
by low EM signal conductivity (Figure 15 and Figure 19), which is associated with areas of low
clay content, greater hydraulic conductivity and subsurface groundwater drainage routes
(Kovalevsky et al., 2004). Despite the higher sensitivity of the vertical dipole mode to geological
anomalies (Nobes, 1999; Caminha-Maciel and Figueiredo, 2013), data taken from the horizontal
dipole mode provided a better correlation with observed sinkhole locations (Figure 19). In Basin
1, the EM data were spurious, potentially due to interference from surrounding utilities.
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Figure 18. Example of GPR profiles and location of detected anomalies and sinkhole data.
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Figure 19. Spatial variation of EM conductivity in the horizontal (7.5 m depth) and vertical (15
m depth) dipole and locations of likely karst features based on GPR anomalies in Basin 1 (A),
Basin 2 (B), and Basin 3 (C). Well location is the site of wells for tracer injection into UFA.
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4.5.2

Solute transport in surficial aquifer

After RWT was introduced into the surficial aquifer of Basin 1 near Silver Springs, the range
of observed maximum horizontal groundwater flow speeds (10-3 to 10-6 m/s, Table 10) estimated
based on first instances of tracer detection in the wellfield suggests variable flowpaths and
transport mechanisms of shallow groundwater in the spring vicinity. Tracer movement revealed
four distinctive patterns of groundwater flow behavior that varied according to location relative to
the tracer injection site (Figure 17 and Table 10). The first flow pattern (FP1) with the fastest travel
time (9.2 to 438.7 m/d, 𝑅𝑅𝑒𝑒 from 0.04 to 1.9) was seen in wells 9 to 11, located northeast of the

injection site along the predominant direction of the regional groundwater flow (towards Silver

Springs) and within a region where severe subsurface anomalies were detected by GPR (Figure
17, Figure 18, Figure 19, and Figure 20 A). Tracer was detected almost immediately after injection
(less than one hour in wells 10 and 11) (Table 10). The second flow pattern (FP2) was observed in
wells 7 and 8 with velocity in range of 1.2 to 1.4 m/d (𝑅𝑅𝑒𝑒 from 7.6 × 10-3 to 8.8 × 10-3, Figure 17
and Figure 20 B). Tracer was detected after 13 days in wells 7 and 8, following a heavy rainfall

that discharged approximately 182 m3 of stormwater runoff to the basin (R1) (Figure 20).
Infiltration of the stormwater runoff led to local increase in elevation of the groundwater table,
which may have accelerated transport of the tracer.
The third flow pattern (FP3) was characterized by a lower groundwater velocity (0.3 to 0.8
m/d, 𝑅𝑅𝑒𝑒 from 2.1 × 10-3 to 5.2 × 10-3) observed in wells 1–3, which were located southeast of the

injection site (Table 10). Tracer was detected in wells 1-3 about 35 days after injection (Figure 20

C). A rainfall event occurred 21 days after the injection, discharging approximately 148 m3
stormwater runoff (R2) to the basin that could have likely driven the tracer movement;
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simultaneous tracer pulses associated within this runoff event are detected in wells 7-11 (Figure
20 A and B). The fourth flow pattern (FP4) with the lowest maximum groundwater velocity (0.2
to 0.4 m/d, 𝑅𝑅𝑒𝑒 from 1.2 × 10-3 to 2.5 × 10-3) was seen in wells 4 - 6 after about 107 to 128 days

from the injection (Figure 17, Figure 20 D, and Table 10). The tropical Hurricane Irma (R3)

occurred on day 48 following tracer injection (Figure 20). This event discharged about 1,907 m3
stormwater runoff to the basin and increased groundwater levels for weeks, presumably opening
up new subsurface flowpaths. Despite this, tracer did not appear in wells 4 to 6 until 59 days after
the storm (Figure 20 D).
RWT was first detected at the Silver River monitoring station 3.5 hours after injection into
well 0 in Basin 1, suggesting a maximum velocity of about 10,900 m/d (0.13 m/s) between the
surficial aquifer and the monitoring point in Silver River (Figure 20 E, Table 10). The hydraulic
gradient was estimated during this time as 4.7×10-3. The breakthrough curve in Silver River
indicated four distinct concentration pulses, the first peaking at 53.1 ppb, 42 days after tracer
injection (Figure 20 E). The second, third, and fourth peak concentrations ranged from 26.1 – 39.5
ppb and were observed respectively 115, 177, and 246 days after injection. Based upon these tracer
pulses, pulse groundwater velocities between the surficial aquifer in Basin 1 and Silver Springs
are estimated in the range of 2.3 to 13.5 m/d (Table 11). Groundwater flow discharge in Silver
Springs increased from 11.6 to 20.3 m3/s over the monitoring period with a relatively sharp
increase after Hurricane Irma (R3), which closely followed the first observed peak concentration
(Figure 20 E). The hydraulic gradient from the surficial aquifer to the spring increased from
3.9×10-3 to 4.2×10-3 following the hurricane. It is likely that the elevated groundwater table and
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spring discharge that lasted weeks after the hurricane had an influence to the delivery of tracer
following the first observed peak.
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Table 10. Maximum groundwater velocities in surficial aquifer and UFA estimated by time of first tracer detection.
Injection point and
tracer

Detection
point

Distance from
injection
(m)

Time to first
detection
(days)

Surficial
aquifer

Basin 1, well 0
RWT

35.1
42.7
36.6
24.4
18.3
29.0
20.5
12.5
42.7
21.4
24.4
1600

0.1
0.6
4.0
17.0
15.2
35.0
35.0
35.0
107.0
107.0
128.0
0.2

Silver River

1600

0.08

19,200.0 2.2 × 10-1

UFA

Basin 1, deep well
RWT
Basin 2
Eos

Well 10
FP1 Well 11
Well 9
Well 8
FP2
Well 7
Well 3
FP3 Well 2
Well 1
Well 4
FP4 Well 5
Well 6
Silver River

Maximum velocity
(m/d)
(m/s)
440.0
5.1 × 10-3
68.0
7.8 × 10-4
9.2
1.1 × 10-4
1.4
1.6 × 10-5
1.2
1.4 × 10-5
0.8
9.6 × 10-6
0.6
6.7 × 10-6
0.3
3.9 × 10-6
0.4
4.6 × 10-6
0.2
2.3 × 10-6
0.2
2.2 × 10-6
10,900.0 1.3 × 10-1

Basin 1
Silver River
Basin 2
Basin 1
Silver River

2900
4100
1400
4300
5800

NA
NA
6.0
NA
NA

Tracer
test

Basin 3
Fl
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NA
NA
230.0
NA
NA

NA
NA
2.7 × 10-3
NA
NA

Figure 20. Tracer (RWT) concentrations observed in shallow wells of Basin 1 (A-D) and in Silver River (E) after tracer
injection to the surficial aquifer. Groundwater table elevations relative to local ground surface and Silver Springs discharge are
shown. Black arrows indicate the approximate time of first tracer detection in the well groups.
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4.5.3

Solute transport in Upper Floridan Aquifer

The RWT injected into the UFA from Basin 1 was detected above background at the Silver
River station about two hours, indicating a maximum UFA groundwater velocity of 19,200 m/d
(0.22 m/s) in the vicinity of Silver Springs (Figure 21 A, Table 10) while the hydraulic gradient
was estimated as about 4.7×10-3. Reynolds number of the observed maximum groundwater
velocities (71 and 121, calculated assuming flow through porous media, Eq 1) indicates turbulent
flow condition. It is therefore unlikely that this flow was sustained through a homogenous porous
medium, but instead was transported through conduit flow. Following the first detection, tracer
concentrations remained low for several days but began to increase steadily after about 8 days and
reached a peak concentration of 4.6 ppb after about 70 days (Figure 21 A). Concentrations returned
to near baseline by around 140 days and then increased again in a lower, more diffuse peak about
245 days from the injection (Figure 21 A). Pulse groundwater velocities based on timing of these
tracer peaks were about 2.3 to 7.9 m/d (Table 11). The breakthrough curve indicated that most
detected tracer traveled to the spring within about 100 days after the injection (Figure 21 A). and
that the bulk of this mass was captured from 8 to 100 days after injection. A two-region nonequilibrium model fitted to the main breakthrough curve suggests that the dispersivity of the
aquifer is about 1.8 meters.
Neither Eos from Basin 2 nor Fl from Basin 3 injected into the UFA were observed at the
Silver River monitoring station (Table 10). Eos was never observed in any monitoring location.
The hydraulic gradient between Basin 2 and Silver Springs and Basin 3 and Silver Springs was
estimated as 3.5 × 10-4 and 2.3 × 10-4, respectively. However, Fl was detected in the UFA below
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Basin 2 approximately 6 days after injection in Basin 3, suggesting a maximum groundwater
velocity between Basins 3 and 2 of 233 m/d (Figure 21 B, Table 10) under a hydraulic gradient of
about 2.2 × 10-4. The observed Fl concentration increased slowly after detection from 0.08 to 1.9
ppb (by around 61 days), then increased rapidly to 18.3 ppb by 86 days (Figure 21 B). From 86 to
around 200 days, Fl concentrations remained largely at a steady state, varying between 18.3 and
22.7 ppb. Concentrations began to increase again after 214 days and continued to increase through
the cessation of monitoring (Figure 21 B).
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Figure 21. Tracer concentrations observed after injection into UFA: RWT (injected at Basin 1)
concentration observed at Silver River station (A) and Fl (injected at Basin 3) concentrations
observed in Basin 2 (B). Time at zero is the tracer injection time and measured background
concentrations in Silver Springs are presented in the months before tracer injection.
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Table 11. Average pulse groundwater velocities in surficial aquifer and UFA estimated by time
of peak tracer concentrations observed at Silver River Station.
Tracer
test

Injection point
and tracer

Peak

Time to peak
(days)

Surficial
aquifer

Basin 1,
well 0
RWT

42.0
115.0
177.0
246.0

(m/d)
13.5
4.9
3.2
2.3

(m/s)
1.6 × 10-4
5.7 × 10-5
3.7 × 10-5
2.7 × 10-5

UFA

Basin 1,
deep well
RWT

Pulse 1
Pulse 2
Pulse 3
Pulse 4
Pulse 1

72.0

7.9

9.2 × 10-5

Pulse 2

245.0

2.3

2.7 × 10-5

4.6
4.6.1

Pulse velocity

Discussion

Groundwater flow velocities

Groundwater velocities observed in most areas of the surficial aquifer (FP2 to FP4) are
comparable to those reported for saturated sandy and silty-sandy soil media (< 1 m/d) (Matthess
and Pekdeger, 1985; Fetter et al., 1999; Dingman, 2002; Shwetha et al., 2015). Velocities and
Reynolds numbers are consistent with low-head Darcian flow through the well-sorted sands with
few fine particle fractions reported for the surface soils in Basin 1 (Chang et al., 2015; Rice, 2018).
Observed velocities in FP2-FP4 wells are also within the range of horizontal groundwater
velocities observed in other sandy surficial aquifers in non-karst areas in Florida (0.02 to 0.42 m/d)
(Corbett et al., 2000). However, the near immediate detection of tracer in FP1 wells indicates that
groundwater flows in some parts of the surficial aquifer may fall outside of the range expected by
transport through homogeneous sandy media and may be related to the influence of macropores in
subsurface strata (Etana et al., 2013) (Figure 17 and Table 10). For example, the maximum
groundwater velocities observed in FP1 wells based on the first arrival time of tracer demonstrates
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that macropores and subsurface features, as detected by GPR, may allow for advective transport
of stormwater in the shallow subsurface. In contrast, the maximum groundwater velocities
observed in FP4 wells (wells 4 to 6) could correlate to matrix flow speeds with large contributions
of dispersive or diffusive transport (Sudicky et al., 1983).
The maximum groundwater velocities observed in the UFA (233-19,200 m/d) indicate the
presence of rapid groundwater flow paths, especially from the UFA under Basin 1 to the Silver
River monitoring station (Table 10). The comparison of maximum groundwater velocities
observed in Silver Springs when the tracer was injected at a similar location (Basin 1) but at
different depths (into the UFA vs. the surficial aquifer) indicates that flow through the UFA in the
immediate vicinity of Silver Springs was almost twice as fast as flow from the surficial aquifer
(Table 10 and Figure 20). While we cannot differentiate groundwater velocity from the transport
time of open channel flow, results suggest that groundwater velocity in the UFA from Basin 1 to
Silver Springs is fast, potentially within large conduits under high hydraulic gradients as
groundwater flows converge to the Silver Springs discharge vents. To reach the spring, tracer
injected into the surficial aquifer had to move either through the surficial aquifer to the spring or
pass through the intermediate confining layer to reach the UFA. In addition, the maximum
groundwater velocities observed in the UFA are comparable to groundwater velocities reported in
other karst areas, for example, the McConnell Springs (7,600 m/d, Norris et al., 2016) and Mystery
Spring (2,680 m/d, Martin et al., 2019) in Kentucky, and the Blautopf Spring watershed in
Germany (1,224 to 13,872 m/d, Lauber et al., 2014). The relatively high groundwater velocity
observed in the UFA in this study may be partially associated to the eogenetic karst of the study
area, which is characterized by higher matrix porosity relative to the dense telogenetic karst with
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lower matrix porosity found in Kentucky (Vacher and Mylroie, 2002; Florea and Vacher, 2006).
However, the location of study in Basin 1 in close proximity to the high-magnitude spring vents
may also have contributed to the high velocities observed in the spring vicinity. For instance, the
lower maximum groundwater velocity observed in the UFA further from the spring vents (233 m/d
between Basins 3 and 2) is comparable to maximum velocities previously reported in the UFA
near Silver Springs (702 m/d, Knochenmus, 1967).
Despite considerable differences in the maximum groundwater velocities observed in the UFA
and surficial aquifer, groundwater velocities estimated based on the times of peak concentrations
in the spring (2.3 and 13.5 m/d, respectively) are similar in the two tracer inspections from Basin
1 (Table 11). These are also similar to mean groundwater velocities reported in some earlier tracer
studies of the UFA in the vicinity of Silver Springs (10.2 - 91.4 m/d, Phelps, 1994), although
greater mean groundwater velocities have also been reported in UFA near Silver Springs (e.g. 350
m/d, Knochenmus, 1967; 213 – 427 m/d, McGurk et al., 2012; and 8.4 - 317 m/d, Yang et al.,
2019). Further, mean groundwater velocities reported in this and other studies near Silver Springs
are comparable to estimated mean groundwater velocities in other karst areas of Florida (e.g. 42 299 m/d near Wekiva Spring, FDEP, 2016; and 31 - 298 m/d in Wakulla Spring, Kincaid et al.,
2012).
Tracer concentrations observed in Silver Springs were low, for instance relative to
concentrations observed in the monitoring wells in the surficial aquifer, which is expected due to
the larger water volumes diluting tracer concentrations in the springs. For the same reason,
concentrations of tracer injected into the UFA (Figure 21 A) were also lower in the springs than
when injected into the surficial aquifer (Figure 20 E), despite that more mass of RWT had been
138

applied in the UFA. Although tracer injected into the UFA further from the spring (Eos from Basin
2 or Fl from Basin 3) was not detected in the spring, it cannot be concluded that hydraulic
connections do not exist from these areas. It is more likely that concentrations of Eos and Fl in the
spring were either too dilute for accurate detection within the period of monitoring or may have
arrived at the spring after monitoring ceased. Steady transport of Fl tracer from Basin 3 to Basin 2
was still ongoing at the time monitoring ceased (Figure 21 B).

4.6.2

Contaminant transport from stormwater basins and implication for stormwater
management in karst regions

Based on results of geophysical surveys and observed movements of tracer injected into
multiple stormwater management basins in the Silver Spring springshed, a conceptual model can
be proposed to hypothesize how stormwater contaminants may move between the surficial aquifer,
intermediate semi-confining unit and UFA, to eventually reach the spring. Both injections from
Basin 1 produced multiple peaks of tracer in Silver Springs, highlighting the diversity of flowpaths
that exist (from both the surficial aquifer and the UFA) from the stormwater basin to the springs.
The variable groundwater velocities observed indicate that infiltrated stormwater from Basin 1
flows in a complex anisotropic karst groundwater flow condition, potentially through multiple
flow paths. Variations in size and hydraulic gradients of underground drainage systems produce
diverse groundwater flow velocities, and thus complex transport of contaminants to the Silver
Springs discharge points. For instance, following a single pulse delivery of contaminants to Basin
1, one flow pathway may deliver peak contaminant concentrations to the spring within 40 to 70
days, while another flow pathway may produce a contaminant peak around 250 days (Figure 20
and Figure 21).
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The similarity in behavior of tracers injected into the UFA and the surficial aquifer reveals
hydraulic connections with implications for stormwater management. It is expected that infiltrated
stormwater will move within the shallow surficial aquifer according to Darcian flow in porous
media, following hydraulic gradients and local hydraulic conductivity of aquifer media (similar to
FP 2-4 in Figure 17). Theory predicts that vertical groundwater flow through the semi-confining
unit will proceed slowly based on differences in hydraulic gradient between the water level in the
unconfined surficial aquifer and the potentiometric water level in the confined UFA. However, the
similarity in pulse elapse time of tracer injected to the UFA and surficial aquifer suggests that the
role of the intermediate semi-confining layer between the two may be limited, hinting at the
influence of heterogeneous subsurface features in connecting different parts of the surficial aquifer
(as in FP1 in Figure 17) and the surficial aquifer to the UFA. Expression of karst features at the
surface (for example in Basin 2) also highlight this possibility. High conductivity zones associated
with subsurface features may allow for greater connectivity between the surficial aquifer and the
UFA and springs, which could explain the rapid transit of tracer from the surficial aquifer in Basin
1 to appear in Silver Springs much faster than would have been predicted based on Darcian flow
through homogeneous media. Though multiple diverse flowpaths likely exist, we hypothesize that
the tracer transported to the springs through at least two different mechanisms: traveling through
the soil matrix horizontally in the surficial aquifer, and moving vertically downward to pass
through the intermediate confining unit via preferential flowpaths to reach the UFA. From the
UFA, the tracer traveled through the highly karstic features of the UFA, i.e., rock matrix and high
porosity fractures/conduits.
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4.7

Conclusions

The objective of this study was to investigate potential subsurface pathways for urban runoff
from stormwater management basins to a high-magnitude freshwater spring in an area of karst
hydrogeology. Subsurface heterogeneity of stormwater management basins within the Silver
Springs springshed were characterized using ground-based geophysical surveys (ground
penetrating radar and frequency domain electromagnetics) and tracer tests were implemented to
estimate transport rates of shallow and deep groundwater flows between the basins and Silver
Springs. As one of the first studies to investigate transport of stormwater pollutants from
concentrated stormwater management areas to and within karst aquifers, study outcomes may be
useful to agencies aiming to protect spring and groundwater quality in Silver Springs and other
karst regions. For instance, results underscore the influence of karst hydrogeology to contaminant
transport from stormwater management areas. Multiple tracer peaks observed in Silver Springs
with pulse velocities on the order of 10-5-10-4 ms-1 suggest that contaminants from stormwater
basins may be transported to Silver Springs through multiple heterogeneous flowpaths from
surficial and deep aquifers. Rapid detection of tracer in Silver Springs indicated maximum
groundwater velocities in the springs vicinity on the order of 10-2-10-1 ms-1 while slower transport
rates (10-3 ms-1) were observed further from the springs, suggesting that the immediate vicinity of
springs may be particularly vulnerable to stormwater contamination. Maximum flow velocities
observed within the surficial aquifer were highly variable (10-6 to 10-3 ms-1) and transport rates in
some areas were much greater than expected. Locations characterized by high transport rates were
associated with clusters of subsurface anomalies detected by GPR and low EM signal conductance,
potentially indicating the influence of karst features. The observed high transport rates through
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both surficial and deep groundwater pathways may limit opportunities for biogeochemical cycling
and contaminant reduction, rendering stormwater BMPs in karst areas less effective at reducing
loads of some pollutants than in alluvial aquifers. To adequately protect groundwater resources,
the design of stormwater BMPs in karst regions should be undertaken in consideration of karst
geologic configurations and implications to hydrogeologic transport processes.
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CHAPTER 5

CONCLUSIONS

The main contribution of this research was to improve protection of water resources from nonpoint sources of roadway runoff contaminants, focusing on nutrient as a pervasive and endangering
contaminant in Florida water resources. Application and efficacy of engineered infiltration media
within roadside VFS was inspected as a new strategy for the purpose of enhanced nutrient removal
from roadway runoff. It was recognized that nutrient removal is interrelated with hydraulic
capacity of the media, as infiltration is a main component of hydrological process providing the
chance of contaminants to be treated by subgrade media within VFS. The particular reason for
such study was to test the enhance nutrient removals through engineered point of view, but also
contribute to scientific research in the field with filling a knowledge gap regarding uncertainty of
VFS in nutrient removal, especially for roadside VFS, which little to no impact or even generating
nutrient was reported based on literatures. VFS within roadside shoulders are bounded by many
particular factors within the configuration of roadside criteria and typical space limitation, which
restrict the design of filter width size. Experiments were designed within two 1:1 scale physical
models of vegetated roadway shoulders: a Treatment model containing engineered BAM (CTS
BOLD & GOLDTM), and an identical Control model containing AASHTO A-3 sandy soils,
commonly found in central Florida. Experiments were conducted in various frequent and
infrequent rainfall-runoff events (i.e. rain depth, duration, and pattern of occurrence) for 1-lane
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and 2-lane roadways. The outcome of the study indicated that BAM VFS outperformed the A-3
sandy soil significantly in decreasing concentrations of NOx and TN at 6 m filter width. However,
BAM and A-3 soil performed comparably with respect to decrease in concentrations of NH3 and
TP and occurred quickly within 1.5 m filter width. In addition, results indicated that BAM removal
capacity is not impacted by storm depth and road lane type and minimum 6 m filter width can
provide the greatest and consistently performance with respect to decrease in concentrations of
nitrogen species from roadway runoff. In addition, the 6 m filter width can provide 100%
infiltration for most frequent and infrequent storm events, considering sufficient depth to the
groundwater table. While BAM VFS can be a promising strategy for self-treating roadway runoff
events, future studies are suggested to consider more experiments and comparing BAM
performance against more textural soil types, especially soils with various organic contents and
microbial communities. Detailed mechanism of nutrient removal may be investigated considering
thorough water chemistry parameter analysis such as measuring redox, pH, DO, and carbon
content.
In another research, nutrients load and delivery within stormwater runoff events from roadways
were assessed within various rainfall-runoff events. The specific reason for such study was to
inspect dynamic nutrient delivery within runoff events of various rainfall-runoff characteristics for
the purpose of exploring the main source of nutrient load and factors affecting nutrient transport.
The research was in the interest of targeting the main portion of runoff volume that deliver the
major nutrient mass within the most important runoff events, providing insight to better design of
BMP strategies. The result of the research revealed that roadway runoff nutrient delivery regulates
by mainly two physical components: available nutrient mass and capacity of storm runoff to
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transport nutrient in runoff events. Storms following long dry periods produced greater
concentrations of nitrogen in runoff events, reflecting greater nutrient mass load on surface of
roadways. Three types of runoff events were discerned following multi-criteria analysis including
type I events, which were characterized as relatively high nutrient supply and high transport
capacity, type II events that have relatively low nutrient supply but high transport capacity, and
type III events which have low transport capacity (either high or low nutrient supply). The
presented event type approach and classification of runoff events systematically could resolve the
deficiencies reported to the traditional M(V) curve analysis, where event size and initial
contaminant supply were dismissed, causing uncertainty about detecting first flush concept. The
M(V) curve analysis on the discovered event types indicated a greater nutrient mass first flush with
statistically significant difference in type I events than type II and type III. Results suggested that
type I events are more reliable to wash off nutrient and transport over early part of runoff events.
Thus, BMP strategies may be designed based on such type of events. Future researches are
suggested to collect more runoff events from different roadways and road-lane types considering
detailed water quality parameters including pH, redox, DO, and sediment loads along with nutrient
variation over runoff events. Such a type of research may provide information to better understand
mechanisms related to nutrient wash off process. Complementary research may be also conducted
to measure actual nutrient concentrations and after occurred storms over randomly locations over
impervious road surface to confirm percent nutrient removal by the occurred storms. Moreover, to
inspect the complex role of rainfall intensity on nutrient transportation and sediment entrainment
and load, detailed temporal variation of rainfall intensities and runoff sediment load and chemical
variation may be required. Such comprehensive research may provide systematic results to
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compare obtained results from the event type approach here against other method of analyzing
m(V) curves.
Analyzing stormwater management areas near Silver Springs indicated that BMP stormwater
basins can act as hotspots for contamination in karst areas and require particular attention with
respect to configuration of basin. The presence of karstic formations such as sinkholes and
subsurface features in the basins with potential high infiltration rate of sandy soils in central Florida
could facilitate contaminant transport from surface to groundwater aquifer. Highly heterogeneous
near-surface and deep karst conditions were obtained in the area through the conducted
geophysical and tracer experiments, where pollutant may transfer from surface to groundwater
quickly and transport through karst system rapidly to Silver Springs discharge point. The
configuration of the bottom of the basins and high groundwater velocities in the karstic formation
aquifer dictate needs of specific strategies about stormwater management basins in vulnerable
karst areas of Florida for pretreatment strategies of stormwater runoff and regulating infiltration
process. Hydraulic connections between the surficial aquifer and UFA indicated that stormwater
may transport from semi-confining unit between the surficial aquifer and UFA through preferential
flowpaths and potential deep subsurface karst features, where the semi-confining unit may even
locally not present and make the UFA more vulnerable to surface contamination. As stormwater
management areas are important BMPs to control flood and collect significant amount of runoff
volume from streets, roads, and urbanized areas, care must be taken into account for their design,
performance, and pretreatment strategies of collected stormwater runoff. The BMP stormwater
management basins must be designed by a team of expert hydrogeologists and water resources
engineered considering subsurface geological conditions in basins, groundwater level depth and
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its fluctuations, and potential infiltration rate in the basins. Deep basins with very shallow
groundwater table can make aquifer more vulnerable to contamination and basin depth should not
be increased to capture more runoff while groundwater is too shallow. Any potential form of
sinkhole and subsurface features, which increase unnecessary infiltration rate and pollutant
transport, must be monitored regularly. Remediation strategies should be implemented within a
thin epikart zone considering general shallow groundwater table in the area. Future researches may
consider testing the application of remediation strategies to not address soluble contamination but
also control mobile sediments and suspended particulate colloids from moving into aquifer.
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APPENDIX- SUPPLEMENTARY DATA
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Figure A.1. Mean vegetation density in the Treatment and Control models over the experiments.
The values present mean of 7 randomly locations and error bars indicate the range of minimum
and maximum measurements. Measurements started in Apr 2018 and ended in May 2019.
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Figure A.2. Arithmatic mean ± SD of nutrient concentrations in runoff and infiltrate water
samples at 1.5 m, 3.0 m, and 6.0 m along the filter width in Treatment (A) and Control (B)
models for 1-lane roadway. Mean percent removal ± SD of nutrient in infiltrate water with
respect to runoff in Treatment (C) and Control (D) models of 1-lane roadway.
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Figure A.3. Arithmatic mean ± SD of nutrient concentrations in runoff and infiltrate water
samples at 1.5 m, 3.0 m, and 6.0 m along the filter width in Treatment (A) and Control (B)
models for 2-lane roadway. Mean percent removal ± SD of nutrient in infiltrate water with
respect to runoff in Treatment (C) and Control (D) models of 2-lane roadway.
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Table A.1. Hydraulic performance of Treatment and Control models during high-intensity rainfall-runoff events.
1-lane roadway
Treatment model

2-lane roadway

Control model

Treatment model

Control model

Storm depth (mm)

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

Storm duration (h)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Mean intensity (mm/h)

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

25.4

38.1

50.8

76.2

Rainfall, (L)

566

849

1133

1699

566

849

1133

1699

566

849

1133

1699

566

849

1133

1699

Runoff, (L)

226

340

452

678

226

340

452

678

452

679

904

1356

452

679

904

1356

Total, (L)

792

1189

1585

2377

792

1189

1585

2377

1018

1528

2037

3055

1018

1528

2037

3055

Infiltrated water, (L)

870

770

1500

1545

731

626

1578

2377

1018

1528

1580

1995

1018

1528

2037

3055

Surface runoff, (L)

0

0

0

832

0

0

0

0

0

0

458

1060

0

0

0

0

Total, (L)

870

770

1500

2377

731

626

1578

2377

1018

1528

2038

3055

1018

1528

2037

3055

Infiltration %

100

100

100

65

100

100

100

100

100

100

78

65

100

100

100

100

Qin

Qout

Runoff %

0

0

0

35

0

0

0

0

0

0

22

35

0

0

0

0

Time to flow generation at
6 m (h)

-

-

-

0.5

-

-

-

-

-

-

0.5

0.3

-

-

-

-

Overland flow length (m)

0.6

1.5 - 2

3

6

0.3

1

1.5 - 2

3.9

2.1

3.9

6

6

0.6 - 1

1.5

5

4.5 5
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Table A.2. Hydraulic performance of Treatment and Control models during frequently-occurring storm events.
1-lane roadway
Treatment model

2-lane roadway
Control model

Treatment model

Control model

Storm depth (mm)

12.7

19.1

25.4

38.1

12.7

19.1

25.4

38.1

12.7

19.1

25.4

38.1

12.7

19.1

25.4

38.1

Storm duration (h)

0.5

0.75

0.75

3.75

0.5

0.75

0.75

3.75

0.5

0.75

0.75

3.75

0.5

0.75

0.75

3.75

Mean intensity (mm/h)

25.4

25.4

33

10.16

25.4

25.4

33

10.16

25.4

25.4

33

10.16

25.4

25.4

33

10.16

Rainfall (L)

283

425

566

849

283

425

566

849

283

425

566

849

283

425

566

849

Runoff (L)

113

170

226

340

113

170

226

340

226

340

452

680

226

340

452

680

Total (L)

396

595

792

1189

396

595

792

1189

509

765

1018

1529

509

765

1018

1529

Infiltrated (L)
Surface runoff
(L)
Total (L)

396

595

792

1189

396

595

792

1189

509

765

1018

1529

509

765

1018

1529

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

396

595

792

1189

396

595

792

1189

509

765

1018

1529

509

765

1018

1529

Infiltration %

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.15

0.9 1.2

1.5

0.3 0.6

0.15
- 0.3

0.3

0.3 0.6

0.15

0.3 0.6

2

3

1.5

0.6

1.2

1.5

0.3 - 0.6

Qin

Qout

Runoff %
Time to flow
generation at 6 m (h)
Overland flow length
(m)
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Table A.3. Mean concentration with standard deviation of three measurements of the nutrient species
from BAM VFS and calculated percent change for a 2-lane roadway.
Mean concentration ± SD
Storm depth

Location

NOx-N
(µg/l)

NH3-N
(µg/l)

TN
(µg/l)

Change
TP
(µg/l)

Runoff
531±42
1889±10 294±10
1.5 m (4h)
1289±8
1848±10
46±1
3 m (4h)
1130±6
1630±4
39±1
12.7 (mm)
6 m (4h)
9±4
544±4
45±2
6 m (20h)
10±4
649±16
54±2
Runoff
546±6
847±35 1863±36 288±1
1.5 m (4h)
962±5
5±0
1464±35
21±1
3 m (4h)
202±6
5±0
533±26
22±1
19.1 (mm)
6 m (4h)
6±4
5±0
471±19
46±7
6 m (20h)
2±0
5±0
507±17
41±1
Runoff
590±4
105±6
1791±30 310±11
1.5 m (4h)
4120±64
27±4
4635±109 122±12
25.4 (mm)
3 m (4h)
706±7
11±5
1164±166 390±21
(1st)
6 m (4h)
25±11
10±9
427±64 257±34
6 m (20h)
23±9
11±9
481±53 276±15
Runoff
641±25 128±16 1240±39 365±25
1.5 m (4h)
6739±45
17±2
6556±10 99±11
25.4 (mm)
3 m (4h)
789±56
13±1
904±4
93±1
(2nd)
6 m (4h)
37±7
14±2
282±2
42±5
6 m (20h)
22±1
36±3
341±8
64±18
Runoff
576±4
62±2
1692±19 305±19
1.5 m (4h)
1025±2
2±0
1500±8
52±5
25.4 (mm)
3 m (4h)
601±3
3±0
765±6
38±1
(3rd)
6 m (4h)
43±7
3±0
316±4
50±1
6 m (20h)
2±0
3±0
282±7
48±5
Runoff
572±4
61±0
1767±43 312±45
1.5 m (4h)
1345±12
2±0
1569±14
73±2
3 m (4h)
1831±6
2±0
2008±13
71±2
38.1 (mm)
6 m (4h)
2±0
2±0
277±3
94±1
6 m (20h)
31±1
2±0
274±9
80±5
Runoff
571±1
87±1
1733±16 282±2
1.5 m (4h)
2541±37
0±0
2711±23
26±0
3 m (4h)
196±2
0±0
368±6
30±1
76.2 (mm)
6 m (4h)
117±1
14±1
319±6
54±2
6 m (20h)
47±10
4±0
251±13
39±28
Note: Ammonia was not measured for samples during storm depth 12.7 mm.
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NOxN (%)

NH3N (%)

TN
(%)

TP
(%)

142
113
-98
-98
76
-63
-99
-100
598
20
-96
-96
951
23
-94
-96
78
4
-92
-100
135
220
-100
-95
345
-66
-79
-92

-99
-99
-99
-99
-74
-90
-90
-89
-86
-90
-89
-71
-96
-95
-95
-95
-97
-97
-97
-97
-100
-100
-83
-95

-2
-14
-71
-66
-21
-71
-75
-73
159
-35
-76
-73
429
-27
-77
-72
-11
-55
-81
-83
-11
14
-84
-84
56
-79
-82
-85

-84
-87
-84
-82
-93
-92
-84
-86
-60
26
-17
-11
-73
-75
-88
-82
-83
-87
-84
-84
-77
-77
-70
-74
-91
-89
-81
-86

Table A.4. Mean concentration with standard deviation of three measurements of the nutrient species
from BAM VFS and calculated percent change for a 1-lane roadway.
Storm
depth

Mean concentration ± SD
Location

NOx-N

(µg/l)

TN
(µg/l)

NH3-N

(µg/l)

TP
(µg/l)

NOxN

(%)

Runoff
550±3
72±1
1730±56
275±7
1.5 m (4h)
12.7 (mm) 3 m (4h)
6 m (4h)
9±2
2±0
484±81
48±1
-98
6 m (20h)
12±1
116±118
322±16
48±7
-98
Runoff
566±5
80±1
1828±42
260±4
1.5 m (4h)
91±2
2±0
251±13
35±1
-84
19.1 (mm) 3 m (4h)
70±2
2±0
223±0
26±0
-88
6 m (4h)
16±0
2±0
220±4
44±1
-97
6 m (20h)
26±1
2±0
220±11
37±0
-95
Runoff
544±4
89±4
1713±21 321±26
1.5 m (4h)
327±0
2±0
493±15
51±6
-40
25.4 (mm)
3 m (4h)
103±4
2±0
257±10
86±51
-81
(1st)
6 m (4h)
2±0
3±1
239±14
76±18
-100
6 m (20h)
2±0
2±0
215±2
53±25
-100
Runoff
522±2
132±5
1762±9
292±3
1.5 m (4h)
738±1
2±0
1016±12
16±0
41
25.4 (mm)
3 m (4h)
326±15
2±0
592±6
16±2
-38
(2nd)
6 m (4h)
2±0
12±1
315±1
46±3
-100
6 m (20h)
2±0
2±0
280±12
11±0
-100
Runoff
559±3
64±1
1553±21
290±5
1.5 m (4h)
1077±7
2±0
1239±9
32±2
93
25.4 (mm)
3 m (4h)
326±1
2±0
480±6
31±0
-42
(3rd)
6 m (4h)
34±2
2±0
256±8
43±2
-94
6 m (20h)
34±1
2±0
239±0
37±1
-94
Runoff
558±21
80±1
1818±13
275±8
1.5 m (4h)
1744±44
11±1
1862±24
29±2
212
38.1 (mm) 3 m (4h)
2384±41
6±2
2518±60
33±4
327
6 m (4h)
72±13
40±0
297±2
48±2
-87
6 m (20h)
29±3
15±0
255±1
38±0
-95
Runoff
547±12
120±4
1824±11
255±3
1.5 m (4h)
1850±17
0±0
2219±52
20±1
238
76.2 (mm) 3 m (4h)
327±29
3±6
504±7
22±1
-40
6 m (4h)
65±2
18±0
302±3
25±0
-88
6 m (20h)
70±2
6±5
288±4
19±0
-87
Note: Drainage ports at 1.5 m and 3 m filter during storm depth 12.7 mm were dry.
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Change

NH3N

(%)

TN
(%)

TP
(%)

-97
60
-98
-98
-98
-98
-98
-98
-96
-98
-98
-98
-90
-98
-97
-97
-97
-97
-86
-93
-50
-81
-100
-97
-85
-95

-72
-81
-86
-88
-88
-88
-71
-85
-86
-87
-42
-66
-82
-84
-20
-69
-84
-85
2
38
-84
-86
22
-72
-83
-84

-82
-83
-87
-90
-83
-86
-84
-73
-76
-83
-94
-94
-84
-96
-89
-89
-85
-87
-89
-88
-82
-86
-92
-91
-90
-92

Table A.5. Mean concentration with standard deviation of three measurements of the nutrient species
from Control model and calculated percent change for a 2-lane roadway.
Mean concentration ± SD
Storm depth

Location

NOx-N

(µg/l)

NH3-N

(µg/l)

TN
(µg/l)

TP
(µg/l)

Runoff
552±4
1931±30
302±7
1.5 m (4h) 1298±16
1793±19
38±3
3 m (4h)
2190±81
3405±68
48±2
12.7 (mm)
6 m (4h)
381±19
1118±16
81±4
6 m (20h) 397±13
1161±17
72±1
Runoff
547±3 887±50 2023±245 313±37
1.5 m (4h) 1020±4
5±0
1715±19
38±1
3 m (4h)
4815±25
5±0
7283±97
62±2
19.1 (mm)
6 m (4h)
402±45
20±2
1143±14
70±2
6 m (20h)
389±1
11±2
1168±6
65±1
Runoff
595±2 115±21 1850±47 528±263
1.5 m (4h) 2136±18
5±0
2522±57 263±13
3003±26
5±0
3463±54 289±14
25.4 (mm) (1st) 3 m (4h)
6 m (4h)
1044±32 13±6
1474±64
62±17
6 m (20h) 1382±3
7±3
1805±43
43±4
Runoff
633±1
114±4 1602±304 353±2
1.5 m (4h) 4379±51 19±6
4321±62 141±16
2275±53
7±0
2338±42
89±7
25.4 (mm) (2nd) 3 m (4h)
6 m (4h)
1046±32 23±1
1369±11
74±18
6 m (20h) 1769±8
17±0
1932±30 153±18
Runoff
567±16
48±9
1489±31 320±58
1.5 m (4h) 1852±22
3±0
1969±7
47±2
2162±20
3±0
2264±19
55±1
25.4 (mm) (3rd) 3 m (4h)
6 m (4h)
1164±3
3±0
1437±39
71±13
6 m (20h) 1357±5
3±0
1600±24
53±2
Runoff
582±6
51±5
1739±24 261±25
1.5 m (4h) 1068±10
2±0
1515±45
56±3
3
m
(4h)
1412±18
2±0
1486±19
75±14
38.1 (mm)
6 m (4h)
1651±10
2±0
1917±21
65±12
6 m (20h) 1404±11
2±0
1741±76
4±1
Runoff
567±8
93±1
1754±46 284±11
1.5 m (4h) 2129±18
0±0
2257±9
33±0
76.2 (mm)
3 m (4h)
740±3
0±0
927±18
48±1
6 m (4h)
579±2
0±0
822±35
44±1
6 m (20h)
547±1
0±0
760±12
42±1
Note: Ammonia was not measured for samples during storm depth 12.7 mm.
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NOxN

(%)
135
297
-31
-28
87
780
-26
-29
259
404
75
132
591
259
65
179
227
281
105
139
84
143
184
141
276
31
2
-4

Change

NH3N

(%)
-99
-99
-98
-99
-96
-96
-89
-94
-83
-94
-80
-85
-94
-94
-94
-94
-96
-96
-96
-96
-100
-100
-100
-100

TN TP
(%) (%)
-7
76
-42
-40
-15
260
-43
-42
36
87
-20
-2
170
46
-15
21
32
52
-4
7
-13
-15
10
0
29
-47
-53
-57

-87
-84
-73
-76
-88
-80
-78
-79
-50
-45
-88
-92
-60
-75
-79
-57
-85
-83
-78
-83
-79
-71
-75
-98
-88
-83
-85
-85

Table A.6. Mean concentration with standard deviation of three measurements of the nutrient species
from Control model and calculated percent change for a 1-lane roadway.
Mean concentration ± SD
Storm depth

Location

NOx-N

(µg/l)

NH3-N

(µg/l)

TN
(µg/l)

TP
(µg/l)

NOx
-N

(%)
Runoff
545±13
76±8 1691±62
287±9
1.5 m (4h)
12.7 (mm) 3 m (4h)
6 m (4h)
315±2
2±0
582±4
47±1
-42
6 m (20h)
368±4
2±0
725±16
63±0
-32
Runoff
590±12
84±4 1891±33
268±2
1.5 m (4h)
1475±8
2±0
1670±4
32±0
150
1026±3
2±0
1244±26
32±0
19.1 (mm) 3 m (4h)
74
6 m (4h)
453±6
2±0
736±12
43±1
-23
6 m (20h)
696±2
2±0
982±21
37±0
18
Runoff
539±6
98±9 1708±38
301±45
1.5 m (4h)
885±8
2±0
1057±2
41±37
64
25.4 (mm)
3 m (4h)
1052±20
2±0
1221±29
82±5
95
(1st)
6 m (4h)
848±15
2±0
1187±37
36±50
57
6 m (20h)
1133±23
2±0
1433±16
67±30
110
Runoff
514±2
91±3 1757±44
304±13
1.5 m (4h)
870±5
2±0
1102±11
22±1
69
25.4 (mm)
3 m (4h)
1434±9
2±0
1772±26
22±2
179
(2nd)
6 m (4h)
548±1
2±0
976±10
22±5
7
6 m (20h)
735±3
2±0
1127±19
35±3
43
Runoff
555±6
64±1 1509±16
279±7
1.5 m (4h)
605±1
2±0
773±20
37±1
9
25.4 (mm)
3 m (4h)
1307±8
2±0
1507±11
43±1
135
(3rd)
6 m (4h)
610±2
2±0
905±3
45±1
10
6 m (20h)
665±3
2±0
978±5
46±1
20
Runoff
585±4
77±1 1802±20
277±6
1.5 m (4h)
1120±46
2±0
1303±14
40±1
91
3
m
(4h)
1672±24
2±0
1779±34
44±1
38.1 (mm)
186
6 m (4h)
300±22
2±0
662±6
48±2
-49
6 m (20h)
818±40
2±0
1128±16
42±0
40
Runoff
532±12 108±4 1857±21
248±8
1.5 m (4h)
992±4
0±0
1239±8
30±1
87
3
m
(4h)
520±10
0±0
771±5
40±1
76.2 (mm)
-2
6 m (4h)
450±3
0±0
709±4
39±1
-15
6 m (20h)
356±7
2±1
621±11
135±174 -33
Note: Drainage ports at 1.5 m and 3 m filter during storm depth 12.7 mm were dry.
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Change

NH3N

(%)
-97
-97
-98
-98
-98
-98
-98
-98
-98
-98
-98
-98
-98
-98
-97
-97
-97
-97
-97
-97
-97
-97
-100
-100
-100
-98

TN
(%)

TP
(%)

-66
-57
-12
-34
-61
-48
-38
-28
-31
-16
-37
1
-44
-36
-49
0
-40
-35
-28
-1
-63
-37
-33
-58
-62
-67

-84
-78
-88
-88
-84
-86
-86
-73
-88
-78
-93
-93
-93
-88
-86
-84
-84
-84
-86
-84
-82
-85
-88
-84
-84
-46

